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Abstract 
 Retinal fundus photography is an indispensable tool in clinical ophthalmology.  
Advancements in retinal imaging techniques and technology have made it possible to photo-
document retinal findings, and practice telemedicine more effectively.  This thesis 
investigated and validated the feasibility of building a smartphone based retinal fundus 
imaging device called oDocs Fundus.  The device was successfully manufactured with 
additive manufacturing technology and used in conjunction with a 20 Diopter ophthalmic 
condensing lens and a smartphone.  The photobiological risk of the system was measured in 
an optical laboratory and is within the limits in accordance to ISO 15004-2.2.  A total of 94 
retinal photographs from 52 patients were acquired with both a conventional fundus camera 
and the oDocs Fundus.  The images from both systems were then assessed and rated by two 
ophthalmologists.  The two ophthalmologists were able to establish a clinical diagnosis from 
the images of both the conventional fundus camera and oDocs Fundus with high accuracy 
and high level of agreement.  However, the image quality from the retinal photographs 
obtained with the oDocs Fundus is consistently below that of a conventional fundus camera.  
A qualitative survey was conducted among healthcare professionals in Gisborne, New 
Zealand.  The majority of clinicians own a smartphone and over 80% are ready to adopt 
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Chapter 1: Introduction 
1.1 Introduction 
 Ophthalmology is a medical specialty in which visual recognition of the ocular 
pathology is important in establishing a diagnosis.  Traditionally, retinal examinations were 
performed with the aid of direct or indirect ophthalmoscopy and slit lamp examinations.  
Since the introduction of the retinal fundus camera, it has been widely adopted as the 
standard-of-care diagnostic, screening and monitoring tool for many retinal pathologies 
including diabetic retinopathy, age-related macular degeneration, drug-induced retinopathy 
and choroidal nevus.   
 Before the invention of the retinal fundus camera, retinal findings could only be 
documented with hand drawings or described in words.  In the past, describing the retinal 
abnormalities to a patient or another physician was a difficult task and often led to 
misunderstanding and misinterpretation.  The advancement of optical engineering and 
technology has made high-quality retinal photography possible.  A photograph is more self-
explanatory than words and sentences.  The digitisation of retinal photographs was also made 
possible with the introduction of electronic scanners and digital cameras.  Digital retinal 
photographs could be transmitted from one place to another much faster than conventional 
mail.  Now, a physician can discuss a case or seek advice from a colleague by just sending 
him or her a digital photograph of the condition.  This is all part of the modern medical 
phenomenon in the growing field of telemedicine.   
 The digital retinal fundus camera will be a great asset to a clinician if it can be made 
available in outpatient practices.  However, conventional digital fundus cameras are large and 
expensive.  An average table-top fundus camera weighs as much as 20 kg and costs around 
NZ$20,000–50,000.  Portability also becomes an issue when it comes to the examination of 
patients who are bed-bound, such as those patients in an intensive care setting.  There are 
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other portable fundus cameras available, however they are equally expensive and lack the 
wireless connectivity of a smartphone.  Therefore, there is now an impetus for researchers 
and engineers to develop a novel retinal imaging device that is reliable, portable and 
affordable.   
 A smartphone is an ideal piece of equipment that has the computational power, 
camera and, portability.  With recent advances in mobile technology, smartphones are 
becoming more reliable, powerful and affordable.  It is estimated that there were 1.75 billion 
smartphone owners by the end of 2014 (1).  In a survey conducted in 2011, 99% of health 
professionals owned a mobile phone, with 81% of these being a smartphone (2).  Most 
clinicians carry a mobile phone device with them at all times, so the increased capabilities of 
smartphones have come at no cost to pocket space.  In fact, mobile applications are replacing 
various conventional referencing tools such as clinical handbooks, dictation tools, and 
medical dictionaries.  A list compiled by Cheng et al in 2014 reviewed 182 ophthalmology 
mobile applications available from the Apple App Store (Apple Inc, Cupertino, CA, US) (3).   
 In 2013, the United States (US) Food and Drug Administration (FDA, White Oak, 
MD, US) approved the iExaminer, the first smartphone-based retinal imaging device 
developed by Welch Allyn (Welch Allyn Inc, Skaneateles Falls, NY, US).  The device is an 
iPhone 4 (Apple Inc, Cupertino, CA, US) adapter that is used in conjunction with the Welch 
Allyn PanOptic ophthalmoscope.  It is also accompanied with a mobile application to 
facilitate image acquisition, storage and transmission.  Prior to that, several investigators had 
already described different smartphone retinal photography techniques.  One of the more 
commonly known techniques involves the use of a 20D condensing lens and a smartphone 
(4–6).  Peek Vision (Peek Vision Ltd, Kitale, Kenya) and Si14 (si14, Padova, Italy) have also 
independently developed their own smartphone ophthalmoscopes (7,8).  A few months 
predating the commencement of this thesis, Myung et al described the construct of a 3D 
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printed retinal imaging device.  The study described the use of a 3D printed lens holder, an 
iPhone 5 (Apple Inc, Cupertino, USA), and a Panretinal 2.2 lens (Volk Optical Inc, Mentor, 
USA).  The authors have concluded that it is possible to construct a mobile-based retinal 
imaging device and that it is safe.  However, there was no specific measure to determine the 
field of view, the image quality, and the clinical diagnoses or its correspondence to a 
clinician’s diagnosis.  Moreover, the safety measures were conducted with a luxmeter 
(Mastech Professional Luxmeter Model Number LX1010B), and this is not the recommended 
method to determine both the thermal and photochemical hazard of light according to 
International Organization for Standardization (ISO 15004-2.2).  Within a short span of three 
years between 2013 and 2016, there were at least half a dozen new smartphone retinal 
imaging devices that were created, and at least two of them received FDA approval.  The 
demand for these highly portable devices is strong.   
 This thesis covers the development of a smartphone retinal photography system based 
on the indirect ophthalmoscopy technique.  The first part of the thesis involves the design and 
development of a smartphone indirect ophthalmoscopy adapter.  The second section is a 
laboratory-based measurement study to determine the photobiological risk and safety of 
smartphone retinal photography.  The third section is an observational study designed to 
validate the new system by comparing the accuracy and quality of smartphone retinal 
photography with that of a standard-of-care conventional retinal fundus camera.  The last and 
fourth section is a qualitative survey to determine the characteristics and concerns of 
telemedicine and mobile health (mHealth) among a group of healthcare professionals in New 
Zealand. 
 
1.2 Study Rationale 
 There are at least half a dozen of smartphone-based retinal imaging devices described 
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in the medical literature through peer-reviewed publications.  So far, only the iExaminer by 
Welch Allyn and the D-Eye by Si14 have been FDA approved for use in the US.  There have 
not been many scientific studies to determine the efficacy and validity of this new generation 
of smartphone retinal imaging devices.  At the start of this research project in February 2015, 
there were only two articles on the validation of smartphone retinal photography published in 
the medical literature.  
 A comparison study led by the team members of Peek Vision was published in 2014.  
It was the first study of its kind to compare the optic nerve images from a commercial retinal 
screening camera with the smartphone adapter, which demonstrated strong evidence for non-
inferiority in glaucomatous disc grading (7).  Another study compared the accuracy and 
reliability of smartphone ophthalmoscopy to that of a slit-lamp biomicroscope to grade 
diabetic retinopathy; conducted by Andrea Russo from Italy (8).  The results were published 
in November 2014, and it showed considerable agreement between the two modes of 
examination.   
 The two studies described above were the only studies to compare the efficacy or 
validity of smartphone retinal photography.  Only diabetic retinopathy and glaucomatous 
optic disc disease were addressed in these studies.  Furthermore, the devices used in these 
studies worked based on the principles of direct ophthalmoscopy.  This would limit the field 
of view to the range of 20–30°.  Because of this, there is a rationale to develop 1) a device 
with a wider field of view; and 2) a clinical comparative study to determine its efficacy and 
quality against a wider range of ophthalmic conditions.   
 Developing an entirely new retinal imaging system comes with its own challenges.  
Safety is always an issue raised when a new medical technique or device is introduced.  The 
Hippocratic Oath is “first do no harm”.  Therefore, it is important to determine if the new 
device is safe.  Chapter four of this thesis was designed to address this concern. 
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 Lastly, with all the new smartphone medical innovations and mobile health 
technology available, it is vital to know the characteristics and attitudes of the medical 
community towards the use of telemedicine and mHealth for ophthalmic care.  This question 
is addressed by a qualitative survey questionnaire in the last part of the thesis.   
 
1.3 Hypotheses 
 Four hypotheses support this project: 
• Hypothesis 1: It is possible to create a wide-field smartphone indirect 
ophthalmoscope adapter. 
• Hypothesis 2: iPhone retinal photography poses no photochemical and 
photothermal hazards to the human retina. 
• Hypothesis 3: There is a high level of agreement for accuracy and quality 
between smartphone indirect ophthalmoscopy and the conventional retinal 
fundus camera. 
• Hypothesis 4: The New Zealand medical community have a high level of 
access to smartphones and is ready to accept smartphone retinal photography. 
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Chapter 2: Related Work 
2.1 Teleophthalmology 
 Much of the research conducted as part of this thesis is related to the field of 
teleophthalmology.  Why take a photo of the retina on a smartphone when you can just 
examine the eye with a simple, direct ophthalmoscope?  First, a clinician with the relevant 
skills cannot perform a direct observation if he or she is located hundreds of miles away from 
the patient.  Secondly, if clinical advice is required from a medical colleague, it is much 
easier to have a photo of the pathology.  Lastly, smartphones come with the ease of portability 
and transmission, which means a retinal photo can be transmitted to another healthcare 
professional located thousands of miles away in a matter of seconds.  These are all part of the 
benefits associated with teleophthalmology. 
 In 1876, Alexander Graham Bell, the inventor of the telephone, transmitted the 
world’s first telemedical consultation after he accidentally spilled battery acid on himself 
while making the world’s first telephone call (9).  Telemedicine is generally defined as the 
use of information technology and telecommunications to provide medical care at a distance 
(10).  Teleophthalmology is a branch of telemedicine that focuses on ophthalmology.  In 
Greek, the word “tele” means “distance”, and “ophthalmology” is a branch of medicine that 
deals with the anatomy, physiology, pathology and treatment of the eye(10).  In simpler 
terms, teleophthalmology involves the management of patients with eye-related problems by 
a health professional located in a different geographical area.   
 When space travel became a reality, astronauts were sent hundreds of thousands of 
miles above the Earth’s surface.  Astronauts sometimes spent weeks or months in space, and 
staying healthy was important if they were to accomplish their missions.  Faced with the 
prospect of astronauts needing medical attention in space, the National Aeronautics and 
Space Administration (NASA, Washington DC, US) began remote monitoring of astronauts 
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(10).  In 1987, the first teleophthalmology system was developed at the Johnson Space Centre 
in Houston, Texas for real-time transmission and monitoring of retinal images (10).  NASA’s 
move in real-time retinal image transmission for consultation also inspired many others to 
further develop the concept of teleophthalmology.  In 1990, Garden et al developed a system 
for acquiring and transferring slit-lamp images through telephone lines during a 
videoconference between an optometrist and ophthalmologist (11).  Subsequently, with the 
introduction of the Internet, there was a major growth in the development of 
teleophthalmology systems.  In the US alone, teleophthalmology projects have been reported 
at centres such as Charles Drew University, Emory University, the Joslin Diabetes Centre, 
Louisiana State University, the Medical College of Augusta, the New York Eye and Ear 
Infirmary, the University of Arizona, the University of Oklahoma, and the University of 
Texas Medical Branch, Harvard University and Stanford University (10,12).   
 In the late 1990s, a European teleophthalmology project called EUREKA was a 
telematic system that linked three European countries to the Bristol Eye Hospital in England, 
providing consultants with multimedia data such as retinal photographs and videos (13).  
OPHTEL was another teleophthalmology consultation system that linked seven private 
ophthalmologists, one eye clinic, one diabetes centre and an informatics research unit across 
five European countries (14).  The Transborder Information Infrastructure for Medical 
Expertise (TIME) group set up an image server for remote consultation as a virtual 
demonstration of international telemedicine cooperation in the field of ophthalmology (15).  
The Satellite Health Access for Remote Environment Demonstrator (SHARED) was another 
teleophthalmology project developed by the Italians to link Bosnia and Herzegovina to train 
eyecare professionals in disaster-stricken areas (16).   
 Investigators have also evaluated various teleophthalmology systems for screening 
and monitoring of diseases such as retinopathy of prematurity, diabetic retinopathy and age-
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related macular degeneration.  Ophthalmologists are scarce in developing countries; 
therefore, it makes sense that teleophthalmology systems should be implemented in these 
regions.  Such implementation had been evaluated in Sub-Saharan African countries and 
India, which proved useful (17,18).   
 More recently, with the advancement of smartphone technology in screen resolution 
and wireless connectivity, investigators have also evaluated smartphones for 
teleophthalmology fundus photo assessment.  Rajalakshmi et al designed and conducted a 
study validating a smartphone-based retinal imaging system as a screening tool for diabetic 
retinopathy.  The team recruited 301 patients with type 2 diabetes and compared the retinal 
images taken from the Fundus on Phone smartphone app (Remidio Innovative Solutions Pvt 
Ltd, Bangalore, India) to those taken with a Zeiss FF450 Plus Digital Fundus Camera (Carl 
Zeiss Meditec, Inc, Dublin, CA) (19).  The sensitivity and specificity for detecting any 
diabetic retinopathy by Fundus on Phone was 92.7% (95% confidence interval [CI], 87.8–
96.1) and 98.4% (95% CI 94.3–99.8), respectively, and the kappa agreement was 0.90 (19).  
The team concluded that Fundus on Phone is effective for screening and diagnosis of diabetic 
retinopathy, and is a promising teleophthalmology screening tool with easy transmission of 
images when it comes to planning for mass diabetic retinopathy screening programmes in 
India.   
 Nigel Bolster and the team behind Peek Vision have also published a review article on 
diabetic retinopathy screening workflow and the potential for introducing smartphone 
imaging(20).  The authors have announced that the Peek Retina prototype is presently being 
trialled alongside standard digital retinal cameras (Topcon NRW6, Topcon Corp, Tokyo) in an 
18-site diabetic retinopathy screening implementation and evaluation project set in Moshi, 
Tanzania.  Although this work is still in progress, the authors have stated that the interim data 
has indicated good agreement between DR grading images acquired by clinical staff from the 
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conventional fundus camera versus the Peek Retina system when both are performed under 
dilation (21).  The authors concluded that the pilot studies show promising results, and 
developers of smartphone retinal technologies should investigate the effectiveness of these 
tools within implementable diabetic retinopathy screening workflows.   
 There is no doubt that teleophthalmology systems are moving beyond conventional 
means to portable and mobile-based solutions.  Investigators and clinicians are looking for a 
full solution that offers both portability and affordability.  Therefore, it appears that 
smartphone-based technologies may be the answer.  
 
2.2 Retinal Imaging and Optics 
 The history of retinal photography can be traced back to the early 19th century.  It 
started with the hypothesis that some of the ophthalmic diseases came from the “inside” of 
the eye.  Prior to the invention of the ophthalmoscope, there was much speculation as to what 
lay behind the pupil.  There was no reliable way to view a living human’s retina safely.  It 
was not until 1851, when Professor Hermann von Helmholtz discovered and invented the 
ophthalmoscope, that this was possible.  He called his ophthalmoscope “augenspiegel”, 
which translates to eye mirror (22).   
 Before Helmholtz, others had already reported the observation of the fundus in both 
humans and animals.  The earliest fundus visualisation of living eyes was reported in 1704, 
when Dr. Jean Méry placed a cat under water, and he noticed that the retinal vessels became 
distinctly visible (23).  In 1709, Philippe de La Hire explained that this was attributable to the 
abolition of corneal refraction (24).  In 1825, Jan Purkinje constructed a crude model of an 
ophthalmoscope after he observed the fundus of a dog, and then the human eye, by using his 
myopic spectacles and a candle placed behind the subject (25).  However, his dissertation was 
in Latin, and his findings went unrecognised until many years later.  Two decades later, 
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William Cumming from London published a paper stating that every eye could be made 
luminous if the axis from a source of illumination directed towards a person’s eye and the line 
of vision of the observer were coincident (26).  
 
 
Figure 1. Babbage’s ophthalmoscope (26). 
 
 In 1847, Charles Babbage, a mathematician and inventor, was the first to construct an 
instrument for retinal examination.  His invention, also known as the “Babbage 
ophthalmoscope” (Figure 1), was optically close to the modern-day direct ophthalmoscope.  
His invention was reviewed by an ophthalmologist, Dr Thomas Wharton, who described 
Babbage’s invention as a plain mirror, with two or three small spots in the centre, held within 
a metal tube at an angle so that rays of light falling on it through an opening in the side were 
reflected into the patient’s eye.  The observer looked through the clear spots of the mirror 
from the other end (27).  Wharton subsequently rejected Babbage’s invention for providing 
little value, if any.  Little did he know that it could have worked with the addition of a –4 or –
5 dioptre lens inserted between the observer’s eye and the back of the plano mirror, in which 
two or three holes can been scraped (27).  The optical design is fairly similar to modern day 
retinoscope where the mirror is replaced with a beam splitter.   
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Figure 2. Helmholtz ophthalmoscope (26). 
 
 Hermann von Helmholtz recognised that there were three principles that had to be 
solved in order to view the retina effectively.  The first is that the eyes of the observer and the 
patient have to be emmetropic.  Secondly, the retina needs to be illuminated.  And thirdly, the 
light source and the observer’s pupil must be aligned.  In 1851, von Helmholtz presented his 
classic monography, Augenspiegel, at the Berlin Physical Society (25).  The Helmholtz 
ophthalmoscope (Figure 2) consisted of superimposed glass plates held at an oblique angle to 
the light, with loose, concave corrective lenses to correct the refractive error between the 
patient and the observer.  The superimposed plates were both reflective and transparent, a 
pre-cursor to the modern-day linear beam-splitter.   
 
 
Figure 3. An image of the retina. 
Note. The smaller white circular area is the optic disc, and the larger white circle is the reflection from the 
cornea of the eye.   
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Source. Image from The Philadelphia Photographer Journal (27). 
 
 The ophthalmoscope has since undergone multiple revisions, modifications and 
innovations.  By 1913, there were over 200 models produced following the sample principles 
described by Helmholtz.  These optical principles were the basis for fundus photography.  In 
1886, Jackman and Webster first published photographs of the retina (28).  They managed to 
capture an image of the optic disc with some blood vessels (Figure 3).  They used an Argand 
gas burner with a reflector as the source of illumination, and orthochromatic plates to produce 
retinal photographs (Figure 4).  Their camera was attached to a Carter demonstrating 
ophthalmoscope.  Unfortunately, the image suffers from unwanted corneal reflection.   
 
 
Figure 4. Jackman and Webster’s fundus photography setup (27). 
 
 In 1891, Dr Oswald Gerloff was able to eliminate the corneal reflex through the use of 
a cap or cover-glass over the cornea (24).  The experiment was conducted on an atrophic 
human eye, but the optic disc could be recognised only with difficulty, and the vessels were 
barely distinguishable.  Dr Walter Thorner partly solved the corneal reflex problem with an 
ophthalmoscope manufactured by F Schmidt and Haensch in 1899 (29).  The retinal 
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photographs still contained a severe artefact, but it was now in the lower portion of the 
picture, rather than in the centre.  It was not until 1925 that the first commercially available 
fundus camera was produced by Carl Zeiss.  Dr Nordenson from Stockholm pioneered the 
design.  Together with the Zeiss Company, they produced the Zeiss–Nordenson camera, 
which became a widely-used fundus camera (30). 
 Recognising the clinical importance of retinal colour, colour fundus photography was 
first presented by Dr Bedell during the 1940s(31).  This was the next major innovation in 
retinal illumination in fundus photography.  In 1953, Hansell and Beeson successfully 
attached an electronic flash tube to the camera to enhance colour fundus photography (31).  
In the two decades that followed, minor innovations such as better optics, wider field-of-view 
and increase portability occurred at a rate faster than ever before.  But it wasn’t until 1975 
that another major breakthrough occurred.  It was reported that Steven Sasson invented the 
first digital camera that year (32).  With the introduction of the digital camera, camera sensors 
in the form of complementary metal oxide semiconductors (CMOS) and charge-coupled 
devices (CCDs) became widely used in the modern-day fundus camera.  
 The design of the modern fundus camera is based on the principle of monocular 
indirect ophthalmoscopy.  The optical principle of the fundus camera is similar to three 
principles von Helmholtz developed for ophthalmoscopy.  The only difference is the way the 
image is viewed or captured.  The modern-day fundus camera consists of a sequence of 
optical components — the objective lens, correcting lens, beam splitters, mirrors, diffusers, 
polarisers, imaging sensors and a source of illumination in the form of xenon or a light-
emitting diode (LED) flash.  Variants may include accessories such as optical filters, 
computer-aided and automated image analysis and eye-tracking systems.  The optical 
principles are presented in Figure 5. 
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Figure 5. Optical design of conventional fundus camera. 
 
 Modern fundus cameras are now hardly just a simple colour fundus camera.  Many of 
the cameras on the market come with additional capabilities such as fluorescein angiography, 
indocyanine green angiography, optical coherence tomography (OCT) scanning, ocular 
biometry, automated autorefractor and scanning laser ophthalmoscopy (SLO).  These cameras 
offer good-quality retinal images, but are often costly, bulky and operator dependent.  
Recently, however, there have been significant advances made in portable fundus cameras 
with increased portability and affordability.  
 
2.3 Smartphone Retinal Imaging 
 In 2013, the FDA approved Welch Allyn’s iExaminer as a smartphone-based 
ophthalmoscope.  The system was the first of its kind to receive FDA regulatory approval for 
clinical use as a medical device.  The iExaminer is essentially a phone adapter that attaches 
an iPhone to Welch Allyn’s PanOptic ophthalmoscope.  The system utilises a custom mobile 
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app to capture both still images and videos of the retina.   
 Welch Allyn’s iExaminer was the first smartphone ophthalmoscope to have received 
FDA regulatory approval, but it is not the first of its kind.  In 2010, a group of 
ophthalmologists from the US described the technique of photographing the human retina 
utilising the indirect ophthalmoscopy technique with a smartphone (33).  A 20D condensing 
lens is held in front of the subject’s eye with one hand, and the smartphone and a pen torch 
are held in the other hand.  Once the axes of the retina, lens and camera are aligned, videos 
and still images can be acquired with the smartphone.  The process has been described as 
cumbersome and difficult in practice.  The following year, Andrew Bastawrous refined the 
technique by using the video mode of the smartphone’s camera; in his method, the LED flash 
of the phone is turned on continuously, eliminating the need for an external pen torch (34).   
 In 2014, Myung et al from Stanford University released a version of a smartphone 
retinal imaging device that was 3D printable (6).  The authors described the system as 
capable of mydriatic retinal imaging with a single-hand technique, freeing up the other hand 
to stabilise the patient’s head.  The authors also endorsed the use of a third-party mobile app 
called FiLMiC Pro (Cinegenix LLC, Seattle, WA, US) for continuous video capture of the 
retina.  This technique was previously reported by Haddock et al (4).  The advantage includes 
the ability to adjust the intensity and brightness of the LED illumination.   
 Researchers from a private company known as CellScope (CellScope Inc, San 
Francisco, CA, US) also published an article on the use of the smartphone for wide-field 
retinal imaging (35).  The device uses a slit-lamp condensing lens such as a 60D lens as its 
objective lens.  A relay lens is placed in front of the phone’s camera to focus the image.  It 
uses the cross-polarisation technique to extinguish glare and unwanted reflections within the 
imaging system.   
 Andrea Russo, an ophthalmologist from Italy, subsequently published an original 
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article comparing the grading of diabetic retinopathy between smartphone ophthalmoscopy 
and slit-lamp biomicroscopy (8).  The device used is also known as the D-Eye 
ophthalmoscope, and it is built to fit a variety of smartphones from Samsung (Samsung 
Electronics Co, Ltd, Seoul, South Korea) and Apple (Apple Inc, Cupertino, CA, US).  It 
utilises the principle of direct ophthalmoscopy for retinal visualisation and to make use of the 
smartphone’s autofocus function to overcome common refractive errors.   
 In 2016, Toslak et al reported a novel technique of trans-palpebral illumination 
smartphone fundus photography without the need for pupil dilation (36).  The described 
technique uses a red LED mounted at the end of a mobile probe, which is then fitted onto a 
head-mount on the patient.  The LED is placed over the upper eyelid of the patient to trans-
illuminate the retina.  The image acquired is said to be comparable with those acquired from a 
standard fundus camera.   
 The rise of smartphone-based retinal imaging techniques and technologies has also 
prompted researchers to investigate their safety and efficacy (37).  Russo et al have 
performed a study on 120 patients (240 eyes) with type 1 or type 2 diabetes mellitus.  Exact 
agreement between the two methods was observed in 204 out of 240 eyes, which translates to 
a kappa of 0.78, with a 95% CI of 0.71–0.84.  The investigators reported that the sensitivity 
and specificity of smartphone ophthalmoscopy for the detection of clinically significant 
macular oedema were 81% and 98%, respectively (8).  The authors concluded that 
smartphone ophthalmoscopy with the D-Eye smartphone ophthalmoscope showed 
considerable agreement with slit-lamp biomicroscopy for the grading of diabetic retinopathy.  
However, a potential conflict of interest was not reported at the time of the study: the lead 
author, Andrea Russo, was the inventor and had a financial interest in the product used. 
 Andrew Bastawrous et al also published a study comparing the grading of optic 
nerves from smartphone images to those of a digital retinal camera (20).  Both image sets 
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were independently graded at Moorfields Eye Hospital Reading Centre.  A total of 2,152 
optic nerve images were available from both methods, and the result showed a kappa 
coefficient of 0.69, which translates as excellent agreement between the two methods.  The 
authors concluded that the technique would enable non-clinical photographers to acquire 
optic nerve images at a standard that is adequate for independent remote retinal image 
grading.   
 Adam et al from Wills Eye Hospital conducted and published the SORT study 
(Smartphone Ophthalmoscopy Reliability Trial) (38).  The study recruited 94 patients, and 
each patient had their retinal photographs taken with a smartphone ophthalmoscope and a 
standard fundus camera.  The images were then graded for quality, and interobserver 
agreement was determined using the Fleiss–Cohen weighted kappa statistic.  In a surprising 
finding, the quality of retinal images produced by the smartphone was rated at 0.7552 
(weighted kappa) versus 0.5367 for the fundus camera.  The authors concluded that images 
taken with a smartphone ophthalmoscope were of higher quality.  The authors also noted that 
smartphone ophthalmoscopy performed better in cases where media opacity, such as a 
cataract, is present.    
 The safety of smartphone retinal imaging has been thoroughly measured and 
explained in a letter to the editor of Ophthalmology.  In the letter, Kim et al from Harvard 
Medical School conducted a measurement study based on the guidelines issued by the 
International Organization for Standardization (ISO 15004-2.2) (39).  The smartphone light 
source from an iPhone 4 (Apple Inc, Cupertino, CA, US) was determined safe by both 
photochemical hazard and thermal hazard measures.  The weighted retinal irradiance for the 
smartphone was 4.6 mW/cm2, which is 150 times below the thermal limit of 706 mW/cm2.  
The weighted retinal radiant exposure was 41 mJ/cm2 at exposure duration of 1 minute, which 
is 240 times below the photochemical limit of 10 J/cm2.  The authors concluded that 
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smartphone retinal photography is safe and is within the safety limits of thermal and 
photochemical hazards as defined by the ISO standards.  This subject, including the safety of 
smartphone light sources and the ISO standards, is further investigated in chapter 4 of this 
thesis.  
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 Chapter 3: Building a Smartphone Fundus Camera  
3.1 The Conceptual Model 
 The three basic principles put forward by Von Helmholtz for viewing the retina apply 
to all retinal photography.  To build a fundus camera, three essential components are needed: 
a digital camera, a co-axial or para-axial light source and an objective lens.  The modern 
smartphone has a camera and an LED flash.  Cameras with resolution of 5.0 megapixels 
(MP) and above are essential for producing a clinically acceptable retinal photo based on 
experience and reports from investigators in the field(40,41).  All that is required is an 
objective lens to complete the solution.  There are two options here: 1) a non-contact system; 
or 2) a system where the lens will be in physical contact with the cornea.  I decided that a 
non-contact system is more practical and less invasive in a clinical setting.  
 There was not much information about the construction of a retinal camera available 
in the academic and scientific literature pools.  Much of the knowledge I acquired came from 
patent literature and actual physical disassembly of fundus cameras.  The majority of the 
conventional modern fundus cameras are based on the principle of indirect ophthalmoscopy.  
A positive dioptric lens is used as the objective lens.  In clinical practices, commonly 
available objective lenses are called condensing lenses.  The lenses are called or labelled 
based on their refractive power.  The popular lenses include 20D, 28D, 60D, 78D and 90D 
lenses.  Both 20D and 28D lenses are commonly used in binocular indirect ophthalmoscopy, 
whereas the others are used in binocular slit-lamp microscopy.  
 Lower-power lenses (20D and 28D) can be used by the naked human eye without any 
optical magnification.  Higher-power lenses, such as the 78D and 90D lenses, should only be 
used with optical magnification that comes with a standard slit-lamp microscope.  
Preliminary tests conducted with an iPhone 4S (Apple Inc, Cupertino, CA, USA) showed 
positive results with both the 20D and 28D lenses.  I chose the 20D condensing lens for two 
SMARTPHONE FUNDUS IMAGING    30 
 
reasons: optimal optical performance and ease of access.   
 The 20D lens has a focal length of 50mm.  The lens works on the principles of 
indirect ophthalmoscopy.  Light passing from the source of illumination is refracted as it 
enters the patient’s fundus, which then reflects through the condensing lens to produce an 
aerial image of the fundus.  The image produced is an inverted aerial image between the lens 
and the camera. When used in conjunction with a smartphone camera, depending on the pupil 
size, it has a field of view of up to 50°.  The working distance is 40mm–50mm away from the 
human eye, making it a completely non-contact system.  Furthermore, the 20D lens is also 
one of the most commonly available condensing lenses in an ophthalmic care setting. 
 In 2010, Lord et al published a technique of retinal imaging with a 20D condensing 
lens and smartphone camera (33).  Subsequently, at least two other authors had great 
successes with the same technique (6,34).  There was good evidence that a system that 
employs a 20D lens as its objective lens can be used in smartphone-based retinal imaging.  
Initial work around smartphone-based retinal imaging involves a hands-free technique where 
the operator holds a 20D lens in one hand, while the smartphone is held with the other hand.  
The subject’s eye, the lens and the phone’s camera will have to be aligned along the same 
axis.  The learning curve for this technique is steep as the operator must learn how to get 
three variables aligned, all at the same time, to get an optimal retinal view.   
 
3.2 Prototype Design Process and Implementation 
 The process of designing a new product goes through a few stages of implementation.  
It starts with conceptualisation and consolidation of the idea.  Here, the idea was to build a 
smartphone retinal imaging device compatible with a variety of commonly available 
smartphones such as the iPhone 4, 4S, 5, 5S, 5C, and Samsung Galaxy Series smartphones.  
Hand illustrations of the device were then made (Figure 6).  The illustration shows a clip-on 
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body with an extended, adjustable arm for mounting an ophthalmic lens.   
 
 
Figure 6. Illustration of the smartphone retinal imaging adapter. 
Note. This image is an early design of the oDocs Fundus, version 1.  
 The objective of the design process was to produce a design that is functional and 
affordable.  For functionality, the factors I considered included:  
• the optical design,  
• the weight of the system,  
• the materials used for production, and  
• mechanisms I could use to secure the lens and smartphone.   
The target cost of production was to achieve a figure of less than NZ$100.00 per device.   
This process covered a series of ideation, designs and digital testing.  Initial computer designs 
were done with SketchUp (Trimble Inc, Sunnyvale, CA, US).  Based on the illustration in 
Figure 6, a computer-aided design (CAD) was made using SketchUp (Figure 7a).  I then 
produced a mock-up with an iPhone 5S and a model eye for visualisation (Figure 7b).  Photo-
realistic rendering of the design was done with KeyShot 5 (Luxion Inc, Tustin, CA, US) 
(Figure 7c). 
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Figure 7. The oDocs Fundus version 1.   
Notes. A CAD showing the retinal imaging adapter (7a); a CAD showing oDocs Fundus version 1 on an iPhone 
5S mock-up with a model eye (7b); and a photo-realistic rendering of the oDocs Fundus version 1 on an iPhone 
5S (7c). 
Abbreviation. CAD, computer-aided design.  
 
 
SMARTPHONE FUNDUS IMAGING    33 
 
 The oDocs Fundus version 1 design then underwent digital engineering simulation.  
The simulation failed, and two major problems were discovered.  The first problem lay in the 
mount for the objective lens.  There was no mechanism to secure the lens in place.  The 
second problem was the mechanical mounting mechanism for the smartphone.  The clip 
would have had to handle a weight of at least 920 g, factoring in the weight of the lens and 
the device itself, which was set to be produced with metal through the subtraction technique.  
For the small surface area of 0.2 cm2 on the surface of the clip, this would have exerted a 
force of 0.45 MPa, which would have exceeded the fracture tensile strength of the Gorilla 
Glass 5 (Corning Inc, NY, US) used as the screen for smartphones.   
 In order to solve the first problem, a new lens mount, with a spring-loaded counter-
traction mechanism, was designed to fit around the lens.  The diameter of the mount is 
adjustable, held apart by two steel beams that run through the centre of the spring.  Assuming 
a lens weighs a maximum of 200 g, in order to hold the lens in place, the springs chosen have 
to have a spring constant of 63.3 N/m, based on Hooke’s Law (42).  For the second problem, 
the surface area of the tip of the smartphone mount was increased to 1.1 cm2 to reduce the 
overall force exerted on the glass of the smartphone.  The oDocs Fundus version 2 design 
was made with Solidworks® Professional (Solidworks Corp, MA, US).  See Figure 8 for a 
full visual description of version 2. 
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Figure 8. The design of oDocs Fundus version 2. 
 
 The oDocs Fundus version 2 passed the digital simulation test but failed the market 
sourcing stage for production.  The resources required to customise the steel beams and 
springs were beyond the scope of this project.  Customizing steel beams requires the digital 
tooling and CNC machinery which are both extremely costly.  Therefore, the next iteration 
(version 3) was designed to rid the lens mount of the steel beams and springs.  The result was 
a simple mount with a pre-fixed diameter of 5.5 cm based on the outer diameter of a 20D 
Volk lens (Volk Optical Inc, OH, US).  See Figure 9 for a full visual description of version 3.  
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Figure 9. The oDocs Fundus version 3.  
 
 The design was then transferred into a CAD software.  Final work was carried out 
with Solidworks® Professional.  Basic outlines and designs of the device are shown in Figure 
10.  At the time of this project, the smartphone used was an iPhone 6 (Apple Inc, Cupertino, 
CA, US).  The dimensions of an iPhone 6 were measured to ensure fit.  The device had to 
fulfil objectives:  
• Objective 1: Has the basic optical design of a fundus camera capable of retinal 
imaging.   
• Objective 2: Capable of correcting spherical refractive errors.    
• Objective 3: Can be mounted onto the smartphone securely and with ease.  
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Figure 10. A CAD of the smartphone retinal imaging adapter generated with SolidWorks® Professional. 
 
 For objective 1, the indirect ophthalmoscopy principle was deemed the most viable 
option.  It is the most economical and simplest way to view and image the human retina.  A 
20D lens was placed at a certain distance (15 cm to 20cm) away from the smartphone 
camera.  The distance was made adjustable to account for the variable focal length of the 
smartphone’s camera.  I was unable to acquire any formal information from Apple Inc about 
the minimal focal length of the camera. Co-axial illumination was replaced with para-axial 
illumination from the smartphone’s LED flash.  The LED was turned on to provide a 
continuous source of retinal illumination.   
 For objective 2, a commonly available fundus camera and ophthalmoscope were set to 
correct refractive errors between the range of –20D and +20D.  To achieve that, the correction 
of the human visual refractive error for optimal imaging, was done using the manually 
adjustable arm to alter the distance between the lens and the smartphone camera, and with the 
auto-focus function of the smartphone’s camera.  The range of distance between the 
smartphone’s camera and the objective lens was set at a minimum of 15 cm and a maximum 
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of 20 cm.  The 20D lens had a focal length of 5 cm for illumination from infinity.   
 For objective 3, the CAD designs generated with SolidWorks® Professional were 
converted to a standard tessellation language (STL) file.  STL is a digital file format that is 
widely used for computer modelling and rapid prototyping through automated techniques 
such as computer numerical control (CNC), and additive manufacturing techniques, which 
include 3D printing.  There were two methods used to produce a functional prototype; they 
were either additive or subtractive manufacturing techniques.  Common additive 
manufacturing techniques include fused deposition modelling (FDM), stereolithography 
(SLA), digital light processing (DLP), and selective laser sintering (SLS).  Additive 
manufacturing techniques offer speed and accuracy at a fraction of the cost compared to 
traditional methods of manufacturing, such as injection moulding.  
 The FDM technique was considered the gold standard for affordable, rapid 
prototyping.  The Ultimaker 2 3D printer (Ultimaker BV, The Netherlands) is the third-
generation, office-based FDM 3D printer retailing at only NZ$3,900 at the time of this 
project.  The printer uses a 2.85 mm polylactic acid (PLA) thermoplastic aliphatic polyester.  
The PLA material was eventually chosen for building the retinal imaging adapter prototype as 
it was one of the cheapest lower-density materials available, and it constituted a 
biodegradable plastic derived from renewable resources.  The PLA is produced through the 
use of a metabolically engineered strain of Escherichia coli, which produces PLA and its 
copolymers through direct fermentation (43). 
 The Ultimaker 2 3D printer came with an open-source 3D file management software 
called CURA 2.0 (44).  The software’s core codes were hosted on the GitHub open-source 
platform (GitHub Inc, San Francisco, US).  The CURA 2.0 provided an interface for 3D 
slicing, item sizing and orientation, and printing process monitoring.  The printing parameters 
were optimised with CURA 2.0 using the auto-function, which sets the print rate at 10.0 
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mm/s, 20% infill, 0.1 mm layer height, 1.0 mm wall, and six layers of brim as support.  The 
STL files of the device were loaded onto a secure digital (SD) card on a computer.  The SD 
card was then inserted into the Ultimaker 2, where the option for 3D printing appeared on the 
digital screen of the printer.  The parameters for the print-head chosen were a 0.4 mm nozzle 
and 210℃, based on the recommendations provided by Ultimaker’s PLA data sheet (45).  
The glass-made build plate was optimised to print at 60℃ and was coated with a thin layer of 
UHU adhesive (UHU GmbH & Co KG, Baden, Germany).  The adhesive coating provided a 
stable surface for the print, increasing the likelihood of a successful 3D print. 
 The retinal imaging adapter comes in seven parts, as shown in Table 1.  Part OD 101B 
(row 1, Table 1) is a circular mount designed to mount a 20D lens with a diameter of 50 mm.  
It has a rectangular bracket that fits the distal end of the arm, part OD 102 (row 2, Table 1).  
The main body is made up of two parts, OD 103 and OD 104 (rows 3 and 4, respectively; 
Table 1), which are identical but mirrored parts.  The OD 105 part (row 5, Table 1) is a cap 
that is fitted onto the threaded tip of an M8 hexagon bolt to secure the smartphone onto the 
body of the device.  The OD 106 part (row 6, Table 1) is the handle socket that is fitted onto 
the hexagonal head of an M8 bolt.  Lastly, OD 107 (row 7, Table 1) is the handle insert that 
plugs the space within part OD 106 to lock the hexagonal head of the M8 bolt into place.  
 
Table 1. The names, illustrations, and the functions of the seven parts of the retinal imaging adapter. 
Part name Part illustration Part description 
OD 101B 
 
OD 101B is the lens mount 
designed to hold a 20D lens with 
a diameter of 50mm in place.  




OD 102 is the arm that connects 
the body to the lens mount.  
OD 103 
 








OD 105 is the cap facing the 
phone, used as a fastener to 
secure the phone onto the body.  
OD 106 
 
OD 106 is the screw handle.  




OD 107 is the screw handle’s 
insert.  
 
The parts were printed individually on the Ultimaker 2 printer.  It took approximately 
4 hours and 30 minutes to complete the task.  The 3D prints were then allowed to cool down 
to room temperature of around 18℃ before they were removed from the print plate.  A small 
metal spatula was used to scrape the prints off the adhesive print plate.  The support 
structures, such as the brim, were manually removed and sandpapered.  The parts were then 
put together with eight M3 15 mm hexagonal bolts and nuts, and one M8 25 mm bolt and nut.  
Three parts, OD 105, OD 106, and OD 107, were glued onto the M8 25 mm bolt head with 
UHU superglue.  See Figure 11 to view all the parts required for the assembly of the device.  
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Figure 11. The 3D printed parts (bolts, nuts, and lens) required for the retinal imaging device. 
 
 To assemble the device, the grooved portion of Part OD 102 was placed into the 
trench on the inner surface of part OD 103.  The M8 hexagonal nut was then placed into the 
socket at the distal end of part OD 103.  The body was then put together using part OD 104, 
and six M3 15 mm bolts and nuts.  The 20D lens was then inserted on the mount of part OD 
101B.  The part was then secured onto the distal end of part OD 102 with two M3 15 mm 
bolts and nuts.  The M8 bolt head was then inserted into part OD 106 and glued to part OD 
107.  Part OD 105 was then glued onto the distal end of the M8 bolt.  This assembly process 
is available in video format (see web-link https://youtu.be/kVWVut-mUWc).  The assembled 
retinal imaging system is shown in Figure 9. 
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Figure 12. The assembled oDocs Fundus smartphone retinal imaging system. 
 
 The completed device was then mounted onto a smartphone with the objective lens 
aligned with the centre of the smartphone’s camera.  For retinal image acquisition, the 
iPhone’s native camera was activated in video mode with the continuous LED light source 
turned on.  The human subject’s pupil was pharmacologically dilated with a short-acting anti-
muscarinic agent, tropicamide 1%.  The examiner held the retinal imaging system with their 
dominant hand and stabilised the objective lens with the other hand.  The objective lens was 
held approximately 50 mm away from the subject’s eye.  The smartphone’s screen acted as a 
view finder where the subject’s retina was recorded using the video function.  Still retinal 
images from the area of interest were then extracted from the video frame.  The images can 
then be used for photo-documentation, telemedicine consultation, and patient education.  
 Lastly, the concept of tele-manufacturing was also tested with oDocs Fundus.  A peer-
review letter titled “3D Printable Retinal Imaging Adapter for Smartphones Could Go 
Global” was published in Graefe’s Archives for Clinical and Experimental Ophthalmology 
(46).  The paper explored and tested the concept of sending the CAD digital files of the 
retinal imaging device from Gisborne, New Zealand to Auckland, New Zealand via Cloud 
storage service Dropbox (Dropbox Inc, CA, US).  The files were then 3D printed with a 
standard MakerBot Replicator 2 (MakerBot Industries LLC, New York, US).  The whole 
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process of 3D printing and assembly took less than 3 hours.  It has the potential to be used as 
a low-cost retinal screening device in resource-limited regions.  
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Chapter 4: Safety of Smartphone Retinal Photography 
4.1 Safety Limits for Ophthalmic Instruments set by ISO 
 In the 1850s, when Professor Helmholtz produced his own ophthalmoscope, the light 
source was a flickering candle before it was eventually replaced with an oil lamp, then a gas 
lamp, and finally a tungsten filament lamp (47).  It has been known for that the light used 
poses a risk of ocular damage, which may be transient or permanent.  Extreme sun-gazing is 
associated with photic retinopathy, and such incidents frequently happen during solar 
eclipses.  The phenomenon has been known since ancient times and is well documented by 
Plato and Socrates, who warned people against watching solar eclipses (48).  Galileo was said 
to have injured his eyes whilst looking at the sun through his refracting telescope; so did the 
inventor of photocoagulation, Meyer-Schwickerath, when experimenting with the production 
of radiant energy (49).  
 Light related ocular injuries can be distinguished into three main types: thermal, 
photochemical, and photo-disruptive (50).  In thermal damage, the structure of protein is 
disrupted by strong oscillations that break bonds between molecules.  In human ocular tissue, 
when this happens, the protein changes colour to white or opaque.  Photochemical damage 
involves cellular damage initiated by supercharged molecules.  Lastly, photo-disruption is a 
phenomenon associated with a pulsed laser, such as those used for posterior lens capsulotomy 
or laser peripheral iridotomy.   
 This section is written to establish the rationale and methods of measuring the optical 
radiation emitted by a smartphone.  The safety of medical devices is governed by local 
authorities and regulatory bodies.  In New Zealand, Medsafe is the New Zealand medicine 
and medical devices safety authority (51).  This governing body is responsible for the 
oversight of medical device manufacturing, importation, registration, and safety profiles.  
However, local medical device regulatory bodies such as Medsafe do not set the standards for 
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manufacturers, and Medsafe relies on international guidelines and standards set by the 
Internal Organization for Standardization (ISO).  The ISO is a worldwide federation of 
national standard bodies that is responsible, through its technical committees, for preparing 
international standards.   
 The ISO have published over 22,670 international standards covering almost all 
aspects of technology and manufacturing.  The organisation has 783 technical committees 
and subcommittees working to develop these standards.  The function of international 
standards is to ensure that products and services are safe, reliable, and of good quality.  The 
standards are developed by professionals within the industry, through a consensus process.  
The development process involves experts from all over the world.  The ISO also 
collaborates with the International Electrotechnical Commission (IEC) on all matters of 
electrotechnical standardisation (52).   
 The ISO 15004-2 which was published in 2007.  It has two parts ISO 15004-2.1 and 
ISO 15004-2.2.  ISO 15004-2.2 classifies ophthalmic instruments into two groups in order to 
differentiate those devices that are capable of potential harm (group 2) from those that are not 
(group 1) (53).  The international standard covers fundamental requirements for optical 
radiation safety for ophthalmic instruments and is applicable to all ophthalmic instruments 
that direct optical radiation into or at the human eye.  The standard does not apply to radiation 
that is in excess of limits specified in ISO 15004 and that is intended for the treatment of the 
eye, such as Nd-YAG lasers and argon lasers used for procedures like laser peripheral 
iridotomy and laser pan-retinal photocoagulation.  An ophthalmic instrument is classified in 
group 1 if any or all the following criteria are met, as shown in Table 2. 
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Table 2. The ISO 15004-2.2 criteria for ophthalmic instruments classified as group 1 (53). 
Group 1 ophthalmic instruments Criteria 
International standards An international standard exists for the instrument type, but no light hazard requirements are included 
in that international standard. 
Components The instrument’s components, for example lamps, light-emitting diodes, lenses, and/or fibres, prevent 
emission in excess of the limits specified for instruments in group 1, and certification of this fact 
exists.   
Source of radiation The instrument’s only sources of radiation are class 1 lasers, as classified under IEC 60825-1:2001. 
Emission limits The instrument’s emission values are equal to or less than the limit values given in Table 3. 
Abbreviations. IEC, International Electrotechnical Commission; ISO, International Organization for Standardization. 
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The emission limits for group 1 instruments specified in Table 3 are related to maximum 
corneal and lenticular, or retinal irradiance, or instrument radiance as applied directly to the 
continuous wave instrument’s criteria.  The limits and equations set out in Table 3 are for 
instruments with continuous wave exposure.  
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Table 3. The ISO 15004-2.2 group 1 limit values and equations for continuous wave ophthalmic instruments (53). 
ISO reference Parameter Wavelength 
(nm) 
Equation Limit 
5.4.1.1 Weighted corneal and 
lenticular ultraviolet (UV) 




The corneal and lenticular UV radiation irradiance shall be evaluated by averaging the highest localised 
radiant power of incident upon a circular area at the corneal plane with a diameter of 1 mm (7.9 × 10–10 
cm2). 
5.4.1.2 Unweighted corneal and 





The corneal and lenticular UV radiation irradiance shall be evaluated by averaging the highest localised 
radiant power of incident upon a circular area at the corneal plane with a diameter of 1 mm (7.9 × 10–10 
cm2). 
5.4.1.3 Retinal photo-chemical 
aphakic light hazard 
   





The retinal irradiance shall be the radiant power detectable through a 7 mm diameter aperture at the 
cornea and shall be evaluated by averaging the highest localised radiant power incident upon a circular 
area on the retina with a diameter of 0.18 mm (2.54 × 10–4 cm2).  However, if the instrument is intended 
to be used with an eye that is immobilised, a 0.03mm (7.07 × 10–6 cm2) diameter aperture shall be used 
instead of a 0.18 mm diameter aperture. 





 Measurements of radiance shall be the radiant power detectable through a 7 mm diameter aperture at the 
cornea and shall be averaged over a right circular cone field-of-view of 0.00175 rad, which shall be used 
instead of the 0.011 rad field-of-view.  
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ISO reference Parameter Wavelength 
(nm) 
Equation Limit 
5.4.1.4 Unweighted corneal and 





The corneal irradiance shall be evaluated by averaging the highest localised radiant power incident upon 
a circular area at the corneal plane with a diameter of 1 mm (7.9 × 10–3 cm2). 
5.4.1.5 Unweighted anterior 
segment visible and infrared 




The anterior segment irradiance shall be evaluated by averaging the highest localised radiant power 
incident upon a circular area at the beam waist with a diameter of 1 mm (7.9 × 10–3 cm2). 
Abbreviation. ISO, International Organization for Standardization. 
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 The ISO 15004-2.2 International Standards also looked at pulsed instruments and 
instruments with multiple sources of optical radiation emissions.   The calculation for 
repetitively pulsed instruments is the time-averaged value given by the ratio of the maximum 
energy that can be produced in a specific period of time to the time involved.  The limits and 
equation for pulsed instruments are beyond the scope of this thesis and are available under 
section 5.4.2 of the ISO 15004-2.2:2007(53).   
 Any ophthalmic instrument with optical radiation that goes beyond the limits set for 
group 1 has to be measured to ensure its limits are at least one order of magnitude below 
actual retinal damage threshold to be categorised under group 2.  The limits and equations for 
ophthalmic instruments with continuous wave emissions in group 2 are listed in Table 4.  
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Table 4. The ISO 15004-2.2 group 2 limit values and formula for continuous wave ophthalmic instruments (53). 
ISO reference Parameter Wavelength 
(nm) 
Equation Limit 
5.5.1.1 Weighted corneal and lenticular 





The corneal radiant exposure shall be evaluated by averaging the highest localised radiant power 
incident upon circular area at the corneal plane with a diameter of 1 mm (7.9 × 10–3 cm2). 
5.5.1.2 Unweighted corneal and lenticular 
ultra-violet radiation radiant 




1.0 J/cm2 for t < 
1,000 s 
1.0 mW/cm2 for t > 
1,000.0 s 
The corneal radiant exposure shall be evaluated by averaging the highest localised radiant power 
incident upon a circular area at the corneal plane with a diameter of 1 mm (7.9 × 10–3 cm2). 
5.5.1.3 Unweighted corneal and lenticular 




The corneal irradiance shall be evaluated by averaging the highest localised radiant power 
incident upon a circular area at the corneal plane with a diameter of 1 mm (7.9 × 10–3 cm2). 
5.5.1.4 Unweighted anterior segment visible 





The unweighted anterior segment irradiance shall be evaluated by averaging the highest localised 
radiant power incident upon a circular area at the corneal plane with a diameter of 0.5 mm (2.0 × 
10–3 cm2). 
5.5.1.5 Retinal visible and infrared radiation thermal hazard.  The limit values given in A) and B) are equivalent.  It is only necessary to evaluate 
the retinal visible and infrared radiation thermal hazard with either A) or B) below. 
5.5.1.5(A) Weighted retinal visible and infrared 
radiation thermal irradiance, EVIR–R 
380–1,400 
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ISO reference Parameter Wavelength 
(nm) 
Equation Limit 
In the expression for the limit value, under normal intended conditions of use, dr expressed in 
millimetres, is the minimum retinal image diameter of the source based on the standard eye.  If 
the calculated value of dr is greater than 1.7 mm, the value of the 1.7 mm shall be used for dr. If 
the calculated value of dr is less than 0.03 mm, the value of 0.03 mm shall be used for dr. 
The retinal irradiance shall be the radiant power detectable through a 7 mm diameter aperture at 
the cornea and shall be evaluated by averaging the highest localised radiant power incident upon 
a circular area on the retina with a diameter of 0.03 mm (7.07 × 10–6 cm2).  
5.5.1.5(B) Weighted retinal visible and infrared 




In the expression for the limit value, under normal intended use conditions, dr expressed in 
millimetres, is the minimum retinal image diameter of the source based on the standard eye.  If 
the calculated value of dr is greater than 1.7 mm, the value 1.7 mm shall be used for dr.   If the 
calculated value of dr is less than 0.03 mm, the value of 0.03 mm shall be used for dr. 
Measurements of radiance shall be the radiant power detectable through a 7 mm diameter 
aperture at the cornea and shall be averaged over a right circular cone field-of-view of 0.00175 
rad.  
 
5.5.1.6 Retinal radiant exposure guideline.  
The guideline values given in a) and 
b) are equivalent.  It is only 
necessary to evaluate the retinal 
photochemical light hazard with 
either a) or b) below. 
 





The retinal irradiance shall be the radiant power detectable through a 7 mm diameter aperture at the 
cornea and shall be evaluated by averaging the highest localised radiant power incident upon a circular 
area on the retina with a diameter of 0.19 mm (2.54 × 10–4 cm2).  However, if the instrument is designed 
to be used with an eye that is immobilised, a 0.03 mm (0.07 × 10–6 cm2) diameter aperture shall be used 
instead of a 0.18 mm diameter aperture.  
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ISO reference Parameter Wavelength 
(nm) 
Equation Limit 
5.5.1.6(B) Weighed retinal time-




Measurements of radiance shall be the radiant power detectable through a 7 mm diameter aperture at the 
cornea and shall be averaged over a right circular cone field-of-view of 0.011 rad.  However, if the 
instrument is designed to be used with an eye that is immobilised, a field-of-view of 0.00175 rad shall be 
used instead of the 0.011 rad field-of-view. 
Abbreviation. ISO, International Organization for Standardization. 
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4.2 Photobiological Hazards of Smartphone Retinal Photography 
 In 2012, Kim et al were the first to measure the safety of smartphone retinal 
photography (39).  In response to a letter by Dr Bastawrous (34) describing smartphone 
fundoscopy, the investigators decided to conduct a lab-based experiment to assess the 
photobiological safety of smartphone fundoscopy for human eyes.  The investigators 
measured and calculated the light levels produced by an iPhone 4 in a simulated condition of 
indirect ophthalmoscopy, where the light source was placed 30 cm in front of a 20D lens 
(Volk Optical Inc, OH, US), and they used a radiometer to measure the radiant power at 5 cm 
behind the lens (39).  The weighted retinal irradiance for the smartphone was 4.6 mW/cm2, 
and the weighted retinal radiant exposure was 41 mJ/cm2, well within the safety 
recommendations and limits set by ISO 150004-2.2 (39).  However, the study did not 
measure the spatial irradiance of the beam, and therefore, could not provide any valuable 
information on the maximal foveal irradiance.  Also, ocular transmission was not taken into 
consideration, which means the measurements provided were not accurate.  Furthermore, the 
measurement was conducted with an older version of smartphone (iPhone 4), and newer 
generation of smartphones may have a stronger flashlight.  
 David Myung et al from the Stanford University School of Medicine (6) made a 3D 
printed retinal imaging adapter that is very similar to the prototype designed as part of this 
thesis.  The investigators at Stanford designed a 3D printed mount that holds a 2.2 Panretinal 
(Volk Optical, Inc, Mentor, OH, US) condensing lens in front of the camera of an iPhone 5 
(Apple Inc, CA, US).  The system is based on the optical principle of indirect 
ophthalmoscopy.  The investigators used a luxmeter (Mastech professional luxmeter model 
number LX1010B; Mastech Group International Ltd, Wanchai, Hong Kong) to determine the 
photochemical and photothermal hazards of their instrument.  The investigators claimed the 
measurements ranged between 800 lux and 2,000 lux, were comparable to the illumination 
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provided by a Heine Omega 500 indirect ophthalmoscope at mid-level intensity, and were 
well within the safety limits set by ISO 15004-2.2 (6).  The investigators did not provide any 
details on how they converted the measurements from lux to the standards used for radiant 
exposure and irradiance.    
 The rapid advancement of smartphone technology has introduced more powerful 
devices.  There are concerns that a newer smartphone’s flash system could potentially use a 
more powerful light-emitting diode (LED).   At the time of the current study, the iPhone 6 
and iPhone 6 plus were the latest versions of smartphones released by Apple Inc.  Attempts 
were made to contact the company and manufacturer to access their technical documents 
describing the LED used in the Apple phones, but emails and letters were ignored.  Therefore, 
the two models of phone were investigated separately.  With the assistance of Giles Wynn-
Williams, a medical physicist, I set out to measure and determine the thermal and 
photochemical hazards of the oDocs Fundus retinal imaging technique.  The findings from 
this lab-based study were also published in the Journal of Medical Engineering & Technology 
(54).  
 This part of the study was conducted within the optical lab at the Dunedin Hospital, 
Dunedin, New Zealand.  The light profiles of iPhone 6 and iPhone 6 plus were measured to 
determine their spectral profiles, total radiant power, spatial irradiance, weighted retinal 
irradiance, and weighted retinal radiant exposure.  The geometrical setup of the experiment 
involved the use of a 20D condensing lens (Strong Vision Tech Inc, MI, US), a 3D printed 
and fully assembled oDocs Fundus, a spectroradiometer (RPS900-R, International Light 
Technologies Inc, MA, US), a 125 mm diameter integrating photosphere (Model INS125, 
International Light Technologies Inc), an iPhone 6, and an iPhone 6 plus.  The smartphones 
were placed 15 cm behind the 20D lens, and the spectroradiometer was placed 8 cm behind 
the other end of the lens, which was equivalent to the focal length of the condensing lens 
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adjusted by the lens formula, as the light source was not from infinity.  The experiment was 
repeated with each model of iPhone separately.  
 The experiment was conducted in a dark room (Nuclear Medicine Laboratory, 
Dunedin Hospital) where all surfaces were fitted with light-absorbent felt paddings.  This was 
vital to minimise any background noise emitted by the actions of measurement.  The 20D 
lens was mounted on the oDocs Fundus retinal imaging adapter, which was then secured onto 
the smartphone at the distance of which it would normally be used in a clinical setting (Figure 
13).  The definition of the axes was required for the calculation.  As light travels in a 3D 
space, three axes were named: X horizontal axis, Y vertical axis, and Z visual axis (Figure 
14).  
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Figure 13. A) Illustration of the distance between the smartphone, the lens, and the spectroradiometer; B) the 
actual geometrical setup of the experiment.  
 
 In the scientific literature, there are no data on smartphone’s LED spectral profiles.  It 
was vital to determine the light source’s profile for three reasons.  First, a full spectral profile 
is required for the calculation of total radiant power of the source.  Second, light with shorter 
wavelengths, such as those within the ultraviolet (UV) territory, are significantly more likely 
to cause photochemical damage (55).  Third, the ocular media is known to filter out certain 
wavelengths of light and will affect the true measurement as light is transmitted across the 
media to reach the retina.  In order to measure the full spectral profile of the smartphone’s 
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LED flashlight, the smartphone’s native camera app was put into video mode, with a 
continuous light source.  The entire system was set up so the incident light fell within a 125 
mm diameter integrating sphere (model INS125; International Light Technologies Inc; Figure 
13).   Measurements were taken for each phone (the iPhone 6 and iPhone 6 plus) on three 
separate occasions, and the average of these three readings were taken as the final result.  
 
Figure 14. Relative spatial irradiance on the X–Y axes. 
Note. Vertical units measured in lux. Horizontal units measured in degree. Figure 14 is further explained on 
page 59. 
 
 The spatial irradiance across the retina was calculated based on the relative spatial 
irradiance in air, and was measured on the X–Y plane beyond the equivalent corneal entrance 
point (entry pupil).  The two axes, X horizontal and Y vertical, were at right angles to the Z 
visual axis.  To ensure the axes were aligned at right angles to the scan direction at all times, 
an illumination probe (RTI Pirahna, RTI, Sweden) with a collimated, narrow slit (8 mm x 1.5 
mm) was used to scan across the X–Y irradiance field.  The profiles of the relative spatial 
irradiance on both axes are shown in Figure 14.  Measurements within +/- 12 degree either 
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side of the optical (z) axis were taken as irradiance falls rapidly to zero beyond that. The 
weighted retinal radiant exposure was calculated using a formula from ISO 15004-2.2, 
reference 5.5.1.5 (A).  The results of the measurements are summarised in Table 5.  The 
results from both the iPhone 6 and iPhone 6 plus were almost identical.  I could therefore 
conclude that the LEDs of both phones were identical.  In subsequent parts of the thesis, I 
will discuss the results from the two models of phone as if they were from a single phone.  
 
Table 5. The total radiant power, weighted retinal irradiance, and weighted retinal radiant exposure on the 
human retina from an iPhone 6 and an iPhone 6 plus. 
Parameters iPhone 6 and iPhone 6 plus 
Total radiant power 3.15mW 
Effective radiant power 
(75% transmission) 
2.36mW 
Weighted retinal irradiance 1.4 mW/cm2 
Weighted retinal radiant exposure 56.26mJ/cm2 
 
The spectral profile of the smartphone’s LED was measured without the integrating 
photosphere, but using the wideband spectroradiometer with a cosine-correct probe.  The 
spectrum was one of relative irradiance and clearly demonstrated that the iPhone’s irradiance 
entering the eye was restricted to the 400–750 nm range.  Figure 15 shows the full spectral 
profile.  It contained no significant UV or IR irradiance above 750 nm.  The spectrum had 
two peaks; the first peak was at 441 nm, and the second peak was at 548 nm. I could 
conclude that the majority of the spectrums from the iPhones were identical, and were within 
the visible spectrum.   
SMARTPHONE FUNDUS IMAGING    60 
 
 
Figure 15. The spectral profile from the LED of an iPhone 6 (A); and an iPhone 6 plus (B).  
 
 The total radiant power that enters the human eye was calculated based on the 
following assumptions.  I assumed that the incident light that passes through the condensing 
lens will enter the human eye passing through the refractive media of the eye, which includes 
the cornea, lens, aqueous humour, and vitreous humour.  The Gullstrand schematic eye (56), 
the lens formula, and basic trigonometry were used to determine the angle of incident, and 
the area of the retina that is irradiated based on the optical setup of the oDocs Fundus 
imaging device with the iPhone (Figure 13).  The incident angle for the cone of light was 
35.4° which is equivalent to 0.6178 radian.  The relative spectral irradiance of the X–Y axes 
(Figure 14) showed a flat “top-hat” profile, with approximately 90% of the total irradiance 
entering the eye falling within 16° either side of the Z visual axis (Figure 14).  The profile 
also showed that the irradiance fell rapidly to zero outside 17.7° either side of the Z visual 
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axis.  The peak beam irradiance at the centre 1° was approximately 15% higher than the 
average value of beam irradiance measured within the central 10°.   
 
Table 6. The Gullstrand schematic eye cardinal points. 
Parameters Measurements 
First principal point P1 1.35 mm 
Second principal point P2 1.60 mm 
First nodal point N1 7.08 mm 
Second nodal point N2 7.33 mm 
First focal point –15.7 mm 
Second focal point 24.4 mm 
Refractive power 58.64D 
Notes. Cardinal points are the distance behind the anterior corneal surface. Measurements were calculated by 
Percival (56).   
 
 Based on the recommendation from ISO 15004-2.2, equation 5.5.1.5 (B), it was 
assumed the pupil is fully dilated at 7mm diameter or more via pharmacological means, and 
that the total irradiated retinal area is 0.79 cm2.  The net absorption of this irradiance by the 
optical media for the wavelength concerned (400–750 nm) was estimated at 75%, based on 
the ocular transmittance of optical media data published by Boettner and Wolter (57).  Based 
on this knowledge, the estimated effective radiant power that could have entered the eye was 
2.36 mW.  With 90% of beam irradiance falling within 16° either side of the Z visual axis, the 
actual weighted retinal irradiance was 1.4 mW/cm2.   
 In order to calculate radiant exposure, the average time the retina is exposed to the 
optical radiation is required.  It was estimated that a routine binocular indirect 
ophthalmoscopy in the hands of an expert should take no longer than 60 seconds per eye 
examination.  Based on the time exposure time of 60 seconds, the weighted retinal radiant 
exposure was found to be 83.35 mJ/cm2.  Only 90% of the incident 0.6178 radian was 
irradiated with an effective transmission of 75%; the effective weight retinal radiant exposure 
was 56.26 mJ/cm2. 
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 Based on the limits set by ISO 15004-2.2, the oDocs Fundus and iPhone retinal 
imaging system fell under group 2 ophthalmic instruments.  This was because the weighted 
retinal irradiance of 1.4 mW/cm2 is 6.36-fold above the limit set by the ISO, which is 220 
µW/cm2.  The ISO standards for group 2 ophthalmic instruments have set a photothermal 
limit of 706 mW/cm2 for weighted retinal irradiance.  Our measurement of 1.4 mW/cm2 was 
at least 438-fold below the thermal hazard level.  The retinal radiant exposure of 56.26 
mJ/cm2 was 177 times below the photochemical limit of 10 J/cm2.   
 It is vital to understand that photochemical hazard is time-dependent and cumulative 
in nature.  The retinal radiant exposure will likely exceed our measurements if the eye is 
exposed to the light source for over 60 seconds, or if the examination is repeated within a 
short period of time.  In conclusion, the optical radiation from both the iPhone 6 and iPhone 6 
plus are identical and are both within the safety limits of thermal and photochemical hazards 
set by the ISO 15004-2.2.   
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Chapter 5: Clinical Experiments and Evaluation 
5.1 Methods: Validation of the oDocs Fundus Retinal Imaging System 
 The oDocs Fundus was a new smartphone-based retinal imaging device, a product of 
this thesis, but it required further validation.  Therefore, a descriptive observational study was 
designed to evaluate its performance and accuracy.  The study was carried out within the eye 
departments in Gisborne and Dunedin hospitals (New Zealand).  In Gisborne, the data 
collection started on 1 June 2014 and concluded on the 20 November 2014.  In Dunedin, the 
data collection happened between 20 July 2015 and 29 December 2016.  Ethics approval was 
obtained from the University of Otago Human Ethics Committee (reference code H15/071).  
Consultation with Māori was undertaken, and approvals were given by the Ngāti Porou 
Hauora (Gisborne), and the Ngāi Tahu Research Consultation Committee (Dunedin).   
 The objective of the study was to determine the image quality and suitability of the 
retinal photographs acquired with oDocs Fundus for clinical diagnosis, as compared with 
conventional fundus camera images.  Retinal photographs acquired from both the oDocs 
Fundus and the conventional fundus camera of a group of patients were rated by two 
practicing ophthalmologists to determine the diagnosis, and the subjective image quality on a 
Likert scale.  The inter-rater agreement between the ophthalmologists was reported with 
Cohen’s Kappa, к.  Based on Gwet’s equation (58), a minimum sample size of 39 patients 
was required, with an expected agreement probability of 0.9 and an acceptable margin of 
error of 20%.  The assumption was that there would be a modest to high level of inter-rater 
agreement between the two consulting ophthalmologists on retinal images acquired with the 
oDocs Fundus system and the conventional fundus camera.  
 Patient recruitment was undertaken at the eye departments of the two hospitals.  The 
patients’ appointments at the eye clinic were either to see a first time-specialist appointment 
(FSA), or were follow-up appointments.  The student investigator (I) actively screened for 
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potential participants during normal operating hours of the eye department.  The patients who 
fulfilled the inclusion criteria (Table 7) were given the opportunity to participate in the study.  
The research was first explained to the patient, and a participant information leaflet 
accompanied the discussion.  The patient was given time to understand and to decide on 
research participation.  Participants were reassured that their choice of participation would 
not affect the outcome of their clinical management.  All participants were screened by the 
ophthalmologists on duty to ensure they met inclusion criterion 1.4 and did not meet 
exclusion criteria 2.2 and 2.3.   
 
Table 7. Inclusion and exclusion criteria for the study.  
Inclusion criteria Exclusion criteria 
1.1 Age 18 years old and above 2.1 Patient who is unable to comprehend or 
understand the nature of the research for any 
reason, such as language barrier, cultural 
inappropriateness, and/or intellectual disability 
1.2 Capable of giving informed consent 2.2 Patient with narrow angle, history of angle 
closure glaucoma, and/or contraindication for 
pharmacological mydriasis 
1.3 Clinical indication for pharmacological 
mydriasis 
2.3 Patient with ocular media opacity, including 
cornea and lens opacities 
1.4 Has only one of the following retinal 
findings in one of the eyes: 
A) branch retinal vein occlusion 
B) central retinal vein occlusion 
C) wet age-related macular degeneration 
D) dry age-related macular degeneration 
 
 
 Once the patient had agreed to participate and had signed the consent form, both eyes 
were dilated with tropicamide 0.5%.  The participant was then reviewed by the 
ophthalmologists on duty to establish the diagnosis, which was used as the gold standard for 
the pairing of the retinal photographs.  The participant then had his or her retinas 
photographed with both the conventional fundus camera and the oDocs Fundus retinal 
imaging system.  The order in which the participants had their retinas photographed was 
randomised.  The fundus camera used in Gisborne was a Topcon TRC series (Topcon Medical 
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Systems Inc, NJ, US), while in Dunedin a Canon CR-2 (Canon USA Inc, NY, US) was used.  
The retinal photographs were then labelled with a unique identification number to pair them.  
Attempts were made to acquire retinal photographs from both eyes.  The retinal photographs 
from the normal eyes were used as controls.  All data collected were de-identified, 
transferred, and stored on a password-protected hard drive WD My Passport 500GB (Western 
Digital, CA, US).   
 The retinal photographs were processed, cropped, and resized to less than 2,000 pixels 
by 2,000 pixels each.  Images from the oDocs Fundus were extracted from the videoframes.  
The retinal photographs were then uploaded onto a survey link hosted on SurveyMonkey 
(SurveyMonkey Inc, CA, US).  The order, diagnoses, and types of camera used for acquiring 
the retinal photographs were blinded from the two consulting ophthalmologists.  The 
SurveyMonkey links were sent to the consulting ophthalmologists for further assessment 
(Figure 16).  The ophthalmologists were required to provide a diagnosis for each image 
presented.  They then rated the quality of the retinal photographs on a five-step Likert scale, 
one being inadequate for any diagnostic purpose; two being unable to exclude all emergent 
findings; three being only able to exclude emergent findings; and four being not ideal, but 
still able to exclude subtle findings; and five being ideal quality.  The ophthalmologists were 
asked to assess the retinal photographs on a computer screen with high-definition (HD) 
settings of at least 720 p and above.  A total of four surveys were made, with each sent out at 
least one month apart, to minimise bias associated with fatigue and performance.    
 Upon completion of all the surveys, the results were record on an Excel spreadsheet 
(Microsoft Inc, WA, US) for further analysis.  The diagnostic accuracy, diagnostic agreement 
kappa (к), frequency and percentages for image quality, and image-quality agreement kappa 
(к) were calculated using the statistical functions of the Excel spreadsheet (Addition, 
substraction , division , sum , nb.si , Chisq.test).  Chi-square test was used to test the 
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association between categorical variables. 
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Figure 16. An example of the SurveyMonkey retinal photograph diagnosis and equality assessment.  
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5.2 Qualitative study: Healthcare Providers’ Perspectives on Telemedicine and mHealth 
for Ophthalmic Care 
 Telemedicine, eHealth, and mHealth are on the rise and becoming an integral part of 
healthcare.  The last part of the current study was a qualitative questionnaire survey designed 
to determine the characteristics and concerns about telemedicine, eHealth, and mHealth held 
by local healthcare providers from an ophthalmic care perspective.  The study was conducted 
in Gisborne, New Zealand.  A questionnaire consisting of 10 questions was designed and 
distributed to 32 healthcare providers through the help of Ngāti Porou Hauora, and Tairāwhiti 
District Health Board.   
 Healthcare providers working within specialties who are expected to encounter 
patients with ophthalmic conditions were selected for participation.  This included general 
practitioners, emergency physicians, optometrists, and resident medical officers (house 
surgeons postgraduates in year one and year two).  An initial email invitation to participate 
was sent to the group named above to gather expressions of interest.  Upon confirmation of 
participation, a healthcare professional’s participation information sheet was then sent out to 
those who expressed interest.  The information sheet summarised the objectives and nature of 
the study.  The questionnaire of 10 questions (see Appendix A for the questionnaire) was 
hosted on SurveyMonkey, and a link was sent to the participants.  Their answers were then 
downloaded from the SurveyMonkey server for further statistical analysis.  
 
5.3 Statistical Methods of Analysis 
 Initial descriptive statistical analysis was used to describe and present the findings.  
The findings from the validation of the oDocs Fundus retinal imaging used percentage 
agreement and Cohen’s kappa.     
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Inter-rater agreement.  In statistics, inter-rater agreement (59) is also known as inter-rater 
reliability, or inter-observer reliability.  It is a score of how much homogeneity or consensus 
exists in the ratings given by various judges. In contrast, intra-rater reliability is a score of the 
consistency in ratings given by the same person across multiple instances. Inter-rater and 
intra-rater reliability are aspects of test validity. Assessments of them are useful in refining 
the tools given to human judges, for example, by determining if a particular scale is 
appropriate for measuring a particular variable. If various raters do not agree, either the scale 
is defective or the raters need to be re-trained. 
There are a number of statistics that can be used to determine inter-rater reliability. Different 
statistics are appropriate for different types of measurement. Some options are joint-
probability of agreement, and Cohen's kappa. 
 Cohen's kappa. Cohen's kappa measures the agreement between two raters who each 
classify N items into C mutually exclusive categories. The definition of 𝐾 is: 




where 𝑃0 is the relative observed agreement among raters (identical to accuracy), and 𝑃𝑒 is 
the hypothetical probability of chance agreement, using the observed data to calculate the 
probabilities of each observer randomly seeing each category. It is used for two raters.  It is 
similar to correlation coefficients where 0 represents the amount of agreement that can be 
expected from random chance, and 1 represents perfect agreement between the raters.  Cohen 
suggested (59) the kappa result be interpreted as follows.  Values equal to or less than 0 
indicate no agreement; and values ranging from 0.01–0.20 indicate no to slight agreement; 
values from 0.21–0.40 represent fair agreement; values ranging from 0.41–0.60 express 
moderate agreement; values from 0.61–0.80 indicate substantial agreement; and values from 
0.81–1.00 reflect almost perfect agreement.   
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Percentage agreement or joint probability of agreement.  The percentage 
agreement, also known as the joint probability of agreement, is the simplest method to 
estimate the percentage of the time the raters agree in a nominal or categorical rating 
system (60).   
 
Chi-square test.   
A chi-squared test, also written as χ2 test, is a statistical hypothesis test that is valid to 
perform when the test statistic is chi-squared distributed under the null hypothesis, 
specifically Pearson's chi-squared test and variants thereof. Pearson's chi-squared test is used 
to determine whether there is a statistically significant difference between the expected 
frequencies and the observed frequencies in one or more categories of a contingency table. 
 
In the standard applications of this test, the observations are classified into mutually exclusive 
classes. If the null hypothesis is true, the test statistic computed from the observations follows 
a χ2 frequency distribution. The purpose of the test is to evaluate how likely the observed 
frequencies would be assuming the null hypothesis is true.  
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Chapter 6: Results of the ODocs Fundus Validation Study and Qualitative Survey 
6.1 Descriptive Statistics: Validation of the oDocs Fundus Retinal Imaging System 
 The study successfully recruited 52 patients.  Almost half (25) patients were recruited 
from Gisborne, while the remaining 27 were from Dunedin.  Of the 52 participants 31 of 
them were males, and 21 were females.  From this cohort, 94 retinal photographs were 
acquired.  Nine retinal photographs were rejected due to media opacity (exclusion criteria 
2.3), and one patient only had one eye.  The number of retinal photographs with retinal 
disorders or normal is listed in Table 8. 
 
Table 8. The quantity of retinal photographs with retinal disorders.  
Diagnosis Number 
Dry age-related macular degeneration 24 
Wet age-related macular degeneration 18 
Branch retinal vein occlusion 22 
Central retinal vein occlusion 13 
Normal 17 
 
6.2 Validation of the oDocs Fundus Retinal Imaging System 
 As summarized in the above methods section, the two raters were to compare the 
image quality of the retinal photographs acquired from both the conventional fundus cameras 
and the smartphone retinal imaging adapter oDocs Fundus.  Results were recorded on a 
Likert scale.  Raters were then required to provide a diagnosis (from the five categories listed 
in table 8) to match each retinal photograph from both imaging systems. 
Image Quality 
 Comparing the results obtained from the observational study that enrolled 94 retinal 
images in two groups (fundus camera and smartphone), for each rater, rater 1 and rater 2, the 
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difference in the image quality measured on the Likert scale is discussed in the following 
section.  For inter-rater reliability, the kappa test was performed for comparison between rater 
1 and rater 2.   The agreement between the two raters for images acquired with the 
conventional fundus cameras was (k=0.5946; 95%CI 0.5447-0.6412; p-value <0.001).  and 
the kappa for images acquired with the smartphone retinal imaging adapter oDocs Fundus 
was (k= 0.28061; 95%CI 0.2359-0.3358; p-value <0.001). The results from rater 1 showed 
that Fundus camera is more effective than smartphone. 
The agreement between the two raters was 20.21% higher for images acquired with the 
conventional fundus cameras (75.53%) when compared to images acquired with the 
smartphone retinal imaging adapter oDocs Fundus (55.32%). This suggests that fundus 
camera is more effective than smartphone.  
 Figure 17 displays the distribution of the quality rating between fundus camera and 
smartphone for rater 1. Quality rating is lower for fundus camera for low Likert scale points 
(1,2) and higher for high Likert score points (4,5). The distribution was statistically 
significant different between the two groups (Chi-square test <0.001). 
Similarly, figure 18 presents the distribution of the quality rating between fundus camera and 
smartphone for rater 2. There was a significant statistically difference between the two groups 
(Chi-square test <0.001). 
Image Diagnosis 
 For image diagnosis, the raters were required to establish one of the five diagnoses 
based on the retinal photographs that were presented.  When compared to gold standard 
diagnosis, rater 1 and rater 2 had both accurately established a diagnosis in 92 of 94 (97.87% 
accuracy) retinal photographs acquired with the conventional fundus camera.  For retinal 
photographs acquired with the smartphone retinal imaging adapter oDocs Fundus, rater 1 had 
accurately established a diagnosis in 88 of 94 images (93.61% accuracy), while rater 2 had 91 
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of 94 images (96.81% accuracy).  The average accuracy between the raters were 97.87% for 
images from the conventional fundus camera, and 95.21% for images from the smartphone 
retinal imaging adapter oDocs Fundus.  Results are summarized in Table 9. 
 The level of agreement between the two raters was then compared to determine its 
kappa value and percentage agreement.  When it came to establishing a diagnosis for retinal 
photographs acquired with the conventional fundus cameras, the level of agreement was 
97.87%, with a kappa of (k=0.97307; 95%CI 0.95297-0.99312; p-value <0.001).  The 
agreement between raters for images acquired with the smartphone retinal imaging adapter 
oDocs Fundus was 94.68%, with a kappa of (k=0.93272; 95%CI 0.90157-0.96012; p-value 
<0.001). Figure 20 displays the distribution of image diagnoses by category (standard gold, 
Fundus Camera, Smartphone) and by raters. There was not statistically significant difference 
between different groups and raters (Chi-square test = 0.99). This suggests that fundus 
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Table 9. The quality and accuracy of retinal photographs taken with a fundus camera as compared with photos taken with a smartphone. 
  Fundus camera Smartphone Total 
   Number  Number  Number 
QualityA Rater 1  94  94  188 
 Rater 2  94  94  188 
 Total   188  188  376 
AccuracyB Rater 1  94  94  188 
 Rater 2  94  94  188 
 Total   188  188  376 
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Figure 17. Estimated marginal means of quality: A) rater; and B) Image from fundus camera and smartphone 
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6.3 Characteristics of and Concerns about Telemedicine and Mobile Health in 
Ophthalmic Care 
 Owing to the fact that 2 billion of the world’s population and 95% of doctors own 
smartphones, the survey developed for this thesis was conducted among local healthcare 
providers (n = 32) to determine the characteristics of mobile health (mHealth) and 
telemedicine from an ophthalmic care perspective.  The response rate was 65.6% (21 out of 
32), and therefore, a total of 21 respondents were included in the results.  Their expertise 
covered several medical specialties: four general practitioners (19%), four emergency 
physicians (19%), six optometrists (28%), and seven resident medical officers (33%). 
 The majority of respondents (95.2%) own a smartphone.  The majority, 85.7% of 
0 5 10 15 20 25 30
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Fundus Camera (Rater 1)
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Smartphone (Rater 2)
Image diagnoses by category and raters
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respondents thought that smartphones are a useful resource for telemedicine, versus 14.7% 
who reported that they were “not sure”.  However, only 19% of respondents used 
smartphones for telemedicine at the time this survey was conducted.  In addition, more than 
half of the respondents (57.1%) reported that they were engaged in telemedicine, versus those 
who had “never” tried it.  A total of 33.3% of respondents reported that they seldom used the 
service, seldom meaning less than twice a month.  A smaller group (19%) said they used 
telemedicine occasionally (between twice and 10 times per month), and only 4.76% of 
respondents stated that they used telemedicine frequently (more than 10 times per month).  
However, 81% of respondents reported that they had attempted to photograph a medical 
condition using a smartphone, but only two respondents (9.5%) made an attempt to 
photograph patients' retinas using their smartphones. 
 A great proportion of respondents (71.4%) showed apprehension about breaching 
patients' privacy and confidentiality, followed by 33.3% who had decided that wireless 
transmission is unreliable.  Hygiene concerns and unknown radiation hazards were reported 
as concerns by 14.29% and 4.76% of respondents, respectively.  Doctors also did not feel 
comfortable about how they could keep patients’ medical information — including patients’ 
names, health identification numbers, medical diagnoses, treatments, medications, 
investigation results, and images — stored in their personal smartphones safely.  They were 
either with “not comfortable” (42.86% of respondents) or “equivocal” (47.6% of 
respondents), while only 9.5% of respondents demonstrated a comfortable attitude.  
 Doctors also answered questions about the possibility of adopting telemedicine as a 
part of physicians’ regular practice.  A majority of respondents (81%) showed a positive 
inclination to adopt telemedicine.  In contrast, equivalent but smaller percentages (9.5% for 
each) were observed supporting either a negative inclination to adopt telemedicine, or an 
already steadfast engagement in telemedicine, with usage reported on a regular basis. 
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Chapter 7: Discussion 
 This study has successfully developed and validated a novel, safe, low-cost system 
using a universal 3D printed fundus camera adapter with a 20D aspheric lens.  This system is 
designed to be an affordable alternative and adjunct to the conventional fundus camera.   The 
study also validated the quality of smartphone fundus imaging, and its suitability for 
establishing a diagnosis.  Lastly, a qualitative survey was designed to determine health 
professionals’ personal experiences of and concerns about mHealth, smartphone fundoscopy, 
and telemedicine.  This line of enquiry shed light on the present and future attitudes of 
healthcare providers towards smartphone fundoscopy and telemedicine.  The study showed 
that there was a clear majority of clinicians willing to participate in telemedicine.   
 
7.1 Summary of Findings 
Part 1: Smartphone retinal fundus photography.   
 Mobile technologies are beginning to play a role in the field of ophthalmology 
because of their accessibility, portability, and affordability.  The first commercially available 
and regulatory approved smartphone-based ophthalmoscope, iExaminer, is comparatively 
expensive versus the direct ophthalmoscope, and it is mobile phone-specific.  Hence, several 
investigators have attempted to develop cheaper alternatives; however, only a few of these 
devices have been discussed in any objective study to compare their quality and diagnostic 
capabilities.   
 This thesis outlines a new retinal imaging system that can be produced with a rapid 
prototyping technique (3D printing) to produce a fundus camera adapter with a 20D aspheric 
condensing lens that can be used in conjunction with an iPhone native camera application.  
The soft copy of the 3D model is available online and can be transferrable digitally.  From a 
practical design perspective, the system has achieved all the design objectives set out in 
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chapter 3.  When used in conjunction with an iPhone, the system is capable of wide-field 
retinal imaging with auto-correction for subject’s refractive errors.   
 There are alternative smartphone-based retinal imaging devices on the market.  
However, some of these have their own limitations.  For example, retinal imaging with the D-
Eye adapter has a limited field of view (up to 20°) achieved only through pharmacological 
mydriasis (8).  Remidio Fundus on Phone (Remidio Innovative Solutions Pvt Ltd, Bangalore, 
India) is a wide-field, non-mydriatic smartphone retinal imaging system that was designed 
and developed in India.  The company claims its system is coupled with an advanced 
artificial intelligence algorithm for the detection of diabetic retinopathy (61).  However, the 
cost of the device is estimated to be above NZ$10,000 (19).  The PEEK Retina adapter is 
compatible with a wider range of smartphones, but it uses the same optical principle of the 
direct ophthalmoscopy, which is limited by a smaller field of view (7).  Lastly, the Volk 
iNview is another wide-field smartphone retinal imaging adapter released by Volk Optical, 
Inc (Mentor, OH, US).  It uses the indirect ophthalmoscopy technique with a 20D Volk lens 
to acquire a 50° field-of-view retinal photograph.  The optical principle is identical to the 
optical principle of the oDocs Fundus, but it is only compatible with a few models of iPhones  
and costs more than NZ$ 1,000(62).   
 The field of view is vital in retinal photography as it can affect diagnostic accuracy.  
In a prospective study on 103 diabetic patients, for example, researchers compared the 
mydriatic ultrawide field imaging (200° field of view) with early treatment diabetic 
retinopathy study (ETDRS) 7-photography (90° field of view) to detect lesions such as 
haemorrhages, microaneurysms, intraretinal microvascular abnormalities, and new vessels 
elsewhere.  The study showed that mydriatic ultrawide field imaging demonstrated a higher 
grade of diabetic retinopathy in 10% of patients when compared to images from the ETDRS 
(63).  The investigators concluded that a wider field of view is necessary to avoid 
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misclassification of retinal pathology.   
 The field of view is determined by three factors.  They are the power of the 
condensing lens, the effective distance between the retina and the lens, and the diameter of 
the lens.  In an animal model study, a variety of condensing lenses with varying strengths 
were used with an iPhone 6.  The study showed that the degree field of view depends on the 
dioptre strength of the condensing lens, in which the widest field of view can be obtained 
with a 40D condensing lens (64).  The overall field of view can be altered and increased with 
digital montage.  The i2K Retina (Dual Align LLC, NY, USA) is a software developed for 
stitching retinal images to generate a montage with a wider field of view.  Kim et al reported 
the technique to generate a 100° field-of-view retinal montage using seven 30° field-of-view 
retinal images (65).  In theory, the same technique can be applied to enhance the field of view 
of the retinal images acquired with oDocs Fundus.  However, this subject is beyond the scope 
of this research project.   
 In summary, the amalgamation between using affordable hardware and a smartphone 
makes this system unique to the field of eye care and other applications including photo-
documentation and telemedicine.  In addition, the cost of this system is less than other 
currently available smartphone retinal imaging systems, approximately NZ$50.00 for the 
entire self-manufactured device, excluding the smartphone and the lens.  The conventional 
fundus camera typically cost between NZ$ 20,000 and NZ$ 50,000.  The iExaminer PanOptic 
ophthalmoscope is retailed at above NZ$ 1,000.  The D-eye ophthalmoscope is around 
NZ$ 750, while the PEEK Retina is priced at NZ$ 500.  The above findings support 
hypothesis one and has proven that a smartphone based wide-field retinal imaging device is 
feasible.  
 
Part 2: Safety of smartphone retinal photography  
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 The safety of smartphone retinal photography was thoroughly investigated in chapter 
four of this thesis.  Commercial camera flashes were known to be safe and compliant to 
standard ISO protocols for simple flash photography but were never designed for use in 
conjunction with a condensing lens for retinal imaging.  The concerns for potential light 
associated retinal hazards were first raised by Kim et al from the Harvard School of Medicine 
in response to the pilot article on smartphone retinal photography published by Andrew 
Bastawrous.   
 The optical radiation from the two iPhones tested was measured with a 
spectroradiometer to determine its photochemical and photothermal hazards.  The effective 
radiant power was found to be 2.36 mW, the weighted retinal irradiance was 1.4 mW/cm2, 
and the weighted retinal radiant exposure was 56.26 mJ/cm2.  These measurements were 
comparable to the previous findings of Harvard Medical School investigators Kim et al, 
although their results were acquired with an older generation of smartphone (the iPhone 4).  
Kim et al claimed that the radiant power of the iPhone 4 was 8 mW, the weighted retinal 
irradiance was 4.6 mW/cm2, and the weighted radiant exposure was 41 mJ/cm2 (39).  Based 
on ISO 15004-2.2 recommendations, these measurements are well within the thermal (706 
mW/cm2) and the photochemical (10 J/cm2) limits set by ISO (53).  Therefore, it is safe to 
conclude that the experiment supports the second hypothesis that the optical radiation from 
an iPhone 6, for this specific use, is safe for the human eye.   
 
Part 3: The image quality and accuracy of smartphone fundus imaging compared with a 
standard conventional fundus camera.   
 
 This section summarises the findings from the validation of the retinal images 
acquired with oDocs Fundus in comparison to the retinal images acquired with a 
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conventional fundus camera.  The oDocs Fundus retinal imaging system is not the only 
system in the market, there are other comparable smartphone retinal imaging devices and 
their performance is discussed in the following.   
 In a comprehensive clinical study on 120 patients with type 1 or type 2 diabetes 
mellitus, smartphone ophthalmoscopy with the D-Eye adapter showed 81% sensitivity and 
98% specificity in detecting significant macular oedema (8).  In another study using 
smartphone Blackberry Z-10 with a +20D lens, authors managed to obtain clear retinal 
images showing the features of diabetic retinopathy, branch retinal vein occlusion with 
fibrovascular proliferation, retinoblastoma and chorioretinal scarring post-laser 
photocoagulation (66).  In a study by Patel et al published in 2019, the investigators aimed to 
determine the quality of smartphone-based fundus photography of 43 children’s eyes; they 
use a smartphone-based device with modifications tailored for wide-field fundus 
photography, and almost 96% agreement was noted between the image-based diagnosis and 
the treating clinician’s diagnosis, supporting the concept of the well-tolerated, rapid modus 
operandi of smartphone fundus photography (67).  
 Rajalakshmi et al reported the sensitivity and specificity of the Fundus on Phone 
system in 301 patients with type 2 diabetes for any grade of diabetic retinopathy as 92.7% 
and 98.4%, respectively, while for sight-threatening diabetic retinopathy, the figures were 
87.9% and 94.9%, respectively (19).  Toy et al reported sensitivity and specificity of a 
smartphone with a macro lens adapter and external light source to detect moderate non-
proliferative and worse diabetic retinopathy as 91% and 99%, respectively (68).   
 Unfortunately, failure to grade diabetic retinopathy has been reported due to the 
presence of cataracts or small pupil diameter (8).  Also, poor image quality had been reported, 
especially with children less than 3 years old, where nonmydriatic fundus photography is 
used (69).  Yet, the role of the smartphone in ophthalmic diagnosis is not only for retinal 
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conditions, but can be extended to obtain a clear, high-quality image of the cornea and 
anterior segment of the eye, which enables diagnosis of corneal disorders, refractive errors, 
cataracts, and uveitis (70).  
 In this study, a total of 94 images from each modality of retinal imaging, with five 
categories of diagnoses, were taken, and a five-step Likert scale for image quality was 
applied to each one.  The images were rated by two consultant ophthalmologists for their 
quality and to provide a diagnosis.  The conventional fundus cameras appeared to perform 
better when it came to image quality.  The frequency for retinal photographs acquired with 
the conventional fundus camera was higher for 4 and 5 point Likert point, than the 
frequency for retinal photographs obtained from the smartphone-based retinal imaging 
adapter oDocs Fundus.  This was also statistically significant with a p value of <0.001 (see 
Figure 18 and Figure 19).  The above findings suggested that the overall image quality 
acquired with the oDocs Fundus is inferior when compared to the images acquired with 
conventional fundus cameras.    
 The difference in image quality may be explained by the fact that images obtained 
from smartphones are created in an open-case system and are subject to unwanted glare, 
reflection, and optical artefacts.  Furthermore, image quality relies on the smartphone’s 
camera resolution settings.  Despite being set at the highest resolution, the retinal image 
acquired occupies only a small portion of the entire photograph, thus losing resolution in the 
process.  Furthermore, the alignment between the objective lens and the smartphone’s camera 
can vary each time it is attached to the phone, and such slight variations in alignment may 
affect the effective visual axis of the optical system, causing uneven retinal illumination and 
optical aberrations, such as coma and distortion.  
 Moreover, the quality of images is operator dependent.  For instance, in a cross-
sectional study that involved 94 patients in an urban eye emergency department, a higher 
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quality of image was obtained by the ophthalmology resident in comparison to the images 
captured by medical students (38).  In a recent study by Kim et al in 2018, the investigators 
aimed to improve the quality of smartphone fundus photography through a variety of 
techniques such as automated fixation guidance, photomontage, and multi-coloured 
illumination with optimised optics.  The investigators managed to improve the performance 
of grading diabetic retinopathy to 93.3% sensitivity and 56.8% specificity, that was 
previously matched in only 55.1% of the eyes (65).  The study concluded that the system 
showed good agreement in grading diabetic retinopathy and recommended that mydriatic 
ultrawide field should be used to improve the overall performance (65).  Lastly, through the 
same technique of indirect ophthalmoscopy, adding a Koeppe lens could establish a higher 
quality of retinal images in both animal and human eyes (4).  
 For image diagnosis, both raters performed well when compared against gold 
standard.  The overall accuracy of the raters for images acquired with the conventional 
fundus camera was 97.87%, while the accuracy of the images acquired with the oDocs 
Fundus was 95.21%.    Despite their lower overall image quality, the images acquired with 
oDocs Fundus were still adequate for clinicians to establish a diagnosis. This supports the 
third hypothesis that there is a high level of agreement for diagnostic accuracy between the 
smartphone retinal imaging adapter oDocs Fundus and the conventional fundus cameras.   
   
 
Part 4: Healthcare provider’s perspectives on their personal experience with 
telemedicine and smartphone fundus imaging.   
 
 At the start of this project, the landscape of mobile health (mHealth) and the use of 
telemedicine in ophthalmic care were two subjects that had not been investigated before, to 
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the best of my knowledge.  The third part of this thesis was therefore designed to determine 
the characteristics of and concerns about mobile health and telemedicine, from the 
perspective of healthcare professionals.  Despite having concerns about patients’ privacy and 
confidentiality, our study showed that the majority of healthcare providers and optometrists 
are still keen to use telemedicine in their clinical practice.   
 Consistent with other studies, it is estimated that more than 80% of healthcare 
providers own mobile devices and smartphones such as iPhone or Samsung models (71).  My 
results showed that the majority of respondents (95.2%) owned a smartphone.  This is 
positive, because image diagnostics and medical photography are common nowadays; several 
smartphone applications offer a convenient way to document skin, ear, throat, and nose 
diseases (72,73).  In 2003, Nayler published a literature review to guide clinicians and 
medical scientists in how to use good techniques in taking such photographs; the guide 
offered pointers on lighting, patient positioning, linear scale, depth of field, and background, 
in addition to equipment and materials such as cameras and films (74). 
 The biggest concern to professional clinicians when it comes to adopting telemedicine 
is the potential to breach patient privacy and confidentiality.  This concern was shared by 
71% of the participants in the current study.  Despite that, 57.1% of the participants already 
engage in telemedicine, and 81% have attempted photographing a medical condition with a 
mobile phone.  This is promising, as it seems that 81% of those surveyed are ready to adopt 
telemedicine.   
 
7.2 Strengths and Limitations  
Strengths of the study 
 The safety of iPhone retinal photography was evaluated to determine its 
photochemical and thermal hazards.  The strength of this experiment lies in the use of more 
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recent generations of smartphone (the iPhone 6 and the iPhone 6 plus).  The study has also 
taken into consideration the effective surface area on the macula, and the ocular transmission 
factor.  The results derived using this method are closer to true readings when compared to 
the methods employed by Kim et al (39) and Myung et al (6).  
 In the pilot study, evaluation of retinal photographs was performed by two different 
consulting ophthalmologists in a randomised manner; they were operating blinded to each 
other to minimise bias of selection and inter-rater variability.  Also, I included a moderate 
sample of retinal images in each group to cover five categories of diagnoses, thus reducing 
random agreement by chance between raters.  The survey study was conducted among local 
healthcare providers (n = 32) covering several medical specialties. 
 Lastly, the retinal images were cropped and compressed before they were uploaded 
onto the SurveyMonkey platform.  Despite the image size compression, raters were still able 
to achieve a high-level of diagnostic accuracy.  This highlights the practicality and real-world 
application for image transmission in developing world where access to telemedicine is 
limited by the access to internet. 
Limitations of the study 
 The study has some limitations.  First, the images obtained from this system are two 
dimensional (2D) and lack the depth of field required for establishing certain specific 
conditions such as diabetic macular or exudative age-related macular degeneration.  Second, 
due to the open-case nature of the imaging system, the optical surface of the objective is 
subjected to unwanted reflection, glare, and optical artefact.  It is therefore vital to perform 
smartphone-based retinal assessment in a dark room in order to minimise such unwanted 
optical noise.  Third, intra-rater reliability was not assessed as the number of images acquired 
was too small to conduct an intra-rater variability assessment.   
 Lastly, the images acquired with the oDocs Fundus were all obtained by the inventor 
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of the system, and therefore, if others were to use the oDocs Fundus retinal imaging system, 
inter-user variability in such a real-world setting may be introduced.  The potential for such 
variability was not investigated in this thesis. 
 
7.3 Implications of the Study 
 Throughout this project, I worked on the principle that a low-cost, universal 
smartphone adapter for retinal photography could be downloaded and 3D-printed in 
conjunction with an iPhone app to convert a smartphone into a fundus camera.  I hoped this, 
in turn, would add significantly to the potential use of smartphone fundus photography in 
clinical practice, as well as increasing an awareness among professionals of how they could 
be involved in telemedicine.  In fact, this study found good clinical agreement between the 
diagnostic accuracy of images obtained from smartphones with that of standard fundus 
photography; however, further research is needed to increase the image quality of smartphone 
fundus photography to be similar to standard fundus photography.   
 Furthermore, the survey showed that the majority of physicians own smartphones, and 
a high positive percentage of those are open to the possibility of adopting telemedicine and 
smartphone fundus photography as a part of their regular practice.  In addition, non-tertiary 
medical centres, developing countries, and rural regions with limited financial resources 
could benefit from the oDocs Fundus prototype if they do not have access to standard fundus 
imaging equipment.  Moreover, general practitioners and public health nurses could use this 
method as a screening tool for diabetic retinopathy, because very little training or effort is 
required to obtain retinal images.  
 It is very important to perform regular screening for common retinal diseases that can 
be treated before sight-threatening complications develop.  For example, photo-screening for 
diabetic retinopathy in children and adults with diabetes mellitus is vital and is operational in 
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many countries around the world.  It is recommended to screen for diabetic retinopathy after 
the initial diagnosis regularly.  It is worth noting here that there are a few concerns regarding 
eye screening in diabetic patients.  In a retrospective study in the US, which included 5,453 
patients with type 1 diabetes mellitus, the authors found that an eye examination was 
performed only 6 years after the initial diagnosis of diabetes in 65% of participants (75).  
Clearly, there is a need for low-cost, user-friendly retinal imaging and screening device that 
could make it feasible for non-eye healthcare professionals such as general practitioners, 
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Chapter 8: Conclusion 
 In summary, this thesis proves that it is plausible to build a safe, low-cost, and 3D-
printable retinal imaging device.  This pilot study has demonstrated that an affordable retinal 
system has comparable diagnostic performance to a conventional fundus camera.  The cost-
effectiveness of this system sets smartphone fundus photography up as a potential alternative 
or adjunct to conventional fundus photography.  The setup of this system is also safe for the 
human eye.   
 A major challenge to oDocs Fundus is image quality.  Due to its open-case nature, the 
system is subject to unwanted optical artefacts that degrade image quality.  Despite this, the 
two clinicians involved in this research were still able to establish a clinical diagnosis with 
reasonable accuracy.  
 The qualitative survey among the local health care professionals of Gisborne, New 
Zealand, also yielded promising results.  The majority of the clinicians who responded own a 
smartphone, with over half actively engaged in telemedicine already, and over 80% are ready 
to adopt telemedicine.  The oDocs Fundus smartphone retinal imaging system described in 
this thesis has the potential to be used in resource-limited regions on a global scale for retinal 
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Healthcare Professionals Participation Information Sheet 
 
Telemedicine and Smartphone Fundus Imaging 
Investigator: Dr. Hong, Sheng Chiong 
As part of his MOphth Research Thesis 
Introduction 
Thank you for your time reading this document.  As you are invited to participate in a health 
related qualitative study, it is important that you have read this document prior to 
participation.   This is a qualitative study organized by Dr. Hong, Sheng Chiong who is 
currently an ophthalmology registrar in Gisborne Hospital.  The study involves 10 questions 
in the field of telemedicine and smartphone fundus imaging. It will take less than 10 minutes 
to complete the questions. 
What is the aim of this study? 
The first am of this study is to determine the prevalence of smartphone use for telemedicine 
among healthcare professionals.  The second part aims to establish the level of acceptance 
and concerns healthcare professionals have in regards to the use of smartphone for 
telemedicine and fundus imaging. 
Funding 
The project is self-funded by the primary investigator with full support and approval from 
University of Otago. 
Who will be invited for this study? 
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This study is only by invitation and is to healthcare professionals who are expect to confront 
eye diseases within the Gisborne region and Tairawhiti District Health Board.  They include 
general practitioners (GP), emergency physicians, optometrists, ophthalmologists and 
opticians. 
What will the participants be expected to do? 
If you have agreed to proceed with this study, a link will be sent to your email address.  That 
link will bring you to a web-page where questions will be presented to you.   There will be a 
total of 10 questions and on average, it takes less than 10 minutes to complete them. 
What sort of information will be collected and how will they be used? 
Personal information such as your name, date of birth, addresses or NHI will NOT be 
collected.  Information will be anonymous to the researchers.  You will be asked a series of 
questions including your occupation, the use of smartphone for telemedicine and your 
opinion and view on using smartphone as a tool for telemedicine and fundus imaging. 
Can participants withdraw the study? 
Yes, it is completely up to yourself.  You can withdraw at any stage of the study.  However, 
once you have completed the questionnaires, as it is anonymous, we will not be able to 
identify which of those belongs to you unless you have recorded the specific time and date 
you have completed the questions. 
Will participants be paid to participate in this study? 
No, all participants are volunteers.  No remuneration will be given.   
Questions? 
If you have any questions now or in the future, please feel free to contact me 
Name:   Dr. Hong, Sheng Chiong 
Position:  Ophthalmology registrar, Gisborne Hospital 
Department:  Ophthalmology Department 
Contact number: 0278976543 




SMARTPHONE TELEMEDICINE AND SMARTPHONE FUNDUS IMAGING 
SURVEY 
 
1. What is your profession? 
 
1 General Practitioner 
2 Emergency Physician 
3 Optometrist  
4 Resident Medical Officer (House Surgeon / Registrar) 
 
 
2. How often do you engage in telemedicine? 
*Telemedicine is the use of telecommunication and information technologies in order to provide 
clinical health care at a distance.  
 
1 Never 
2 Seldom : Less than twice a month 
3 Ocassionally : Between 2 and 10 times per month 
4 Frequent : More than 10 times per month 
 
3. Do you own a smartphone? 
*A smartphone is a mobile phone with an operating system with features such as media player, GPS 
navigation unit, camera, personal digital assistant and wireless connections such as Wi-Fi, GPRS, 
3G/4G and bluetooth.   
 




*if your answer is No, skip question no. 4 
 






5. Do you think smartphone is a useful resource for telemedicine? 
 
1 No 
2 Not sure  




6. What are your primary concern(s) of using smartphone for telemedicine? 
*You may choose more than one options. 
 
1 Patient privacy and confidentiality 
2 Hygiene 
3 Unknown radiation hazards 
4 Unreliable wireless transmission 
5 Others_______________________________________________ 
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*If answer No, skip question no. 8 
 






9. Are you comfortable keeping your patients medical information in your personal 
smartphone? 
 
*Patients medical information includes patients name, health identification number, medical 
diagnosis, treatment, medication, investigation results and images. 
 





10. Telemedicine is the use of telecommunication and information technologies in order to 
provide clinical health care at a distance.  Are you ready to adopt telemedicine as part of your 
regular practice? 
 
1 I am already engaged in telemedicine on a regular basis 
2 I am ready to adopt telemedicine 
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Participant Information Sheet 
Study Title:  Smartphone fundus imaging 
Investigator:  Dr. Hong, Sheng Chiong  0278976543 
   Ophthalmology Registrar, Gisborne Hospital 
Introduction 
Thank you for showing an interest in this project.  Please take time to read this information 
sheet carefully.  Take time to consider and, if you wish, talk to a relative or friends before 
deciding whether or not to participate.   
If you decide to participate we thank you.  If you decide not to take part, there will be no 
disadvantage to you and we thank you for considering our request. 
What is the aim of this research? 
The aim of this study is to determine if smartphone fundus photography (picture of the back 
of your eye) is an effective tool for retinal examination.  If the study shows that it is, it can 
potentially be introduced to rural practices where standard fundus camera and retinal imaging 
devices are not available.   
Who is funding this project? 
This project is self-funded with support from University of Otago. 
Who are we seeking to participate in the project? 
We are looking for participants with eye problem, specifically retinal problems.  We will list a 
few here, anyone with retinal problems such as diabetic retinopathy, maculopathy, glaucoma 
and age related macular degeneration are welcomed.  Participants must be able to give an 
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informed consent in order to participate in this study. 
If you participate, what will you be asked to do? 
If you participate, all we ask is 10 minutes of your time.  There are only two things involved.  
Firstly, a picture of the back of your eye is taken with a standard fundus camera.  Once that is 
done, another picture of the same eye will be taken with a smartphone.  It should take less 
than 10 minutes in total.   
No aspect of your care will be affected by either refusal or agreement to participate. 
 
 
Is there any risk of discomfort or harm from participation? 
Risk of harm is remote, all participants are screened by our inclusion and exclusion criteria to 
minimize any potential risk of harm.  The only discomfort you might have is the bright light 
from the standard fundus camera and smartphone.  However, various studies have confirmed 
that these light levels are safe to your eye and they will not cause any permanent damage to 
your sight. 
What information will be collected and how will they be used? 
The only information that will be collected is the picture of the back of your eye.   Your name 
and personal information will not be linked or shown on the images.  For your privacy, no 
one could identify you from these images.  This may also mean that in future if you wish to 
have your images removed, it is impossible to do so as we will not be able to trace who those 
pictures belong to.   
These retinal images will be used for comparison.  The picture taken with standard fundus 
camera will be compared with pictures taken with a smartphone. 
These images will be kept in a secure hard-drive and we aim to store this information for at 
least 2 years or until this study ends.   
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What about anonymity and confidentiality? 
As mentioned above, pictures and video of the back of your eye are all de-identified. So your 
name, address, date of birth or National health number will not be shown on the picture.  
These pictures will be stored in a secure hard-drive and only the research investigator will 
have access to them. 
If you wish to participate, can you withdraw later? 
You can withdraw any time before the pictures are taken.  Once the pictures are taken and 
transferred to our secured hard-drive, they will all be de-identified and it is impossible for us 
to identify which picture belongs to you and we will not be able to retrieve your retinal 
pictures for you or to delete them. 
Any questions? 
If you have any questions now or in the future, please feel free to contact me 
Name:   Dr. Hong, Sheng Chiong 
Position:  Ophthalmology registrar, Gisborne Hospital 
Department:  Ophthalmology Department 
Contact number: 0278976543 
This study has been approved by the University of Otago Human Ethics Committee (Health).  
If you have any concerns about the ethical conduct of the research you may contact the 
Committee through the Human Ethics Committee Administrator (phone +64 347898256 or 
email gary.witte@otago.ac.nz).  Any issues you raise will be treated in confidence and 
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